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I
Abstract
Zirconium diboride, ZrB2, based materials have been proposed for struc-
tural applications at ultra-high temperatures (>2000 ◦C). However, their
mechanical behaviour at such temperatures is only poorly documented. In
this work, the processing and the deformation behaviour of ZrB2 at tem-
peratures up to 2000 ◦C is investigated.
Densification of zirconium diboride based materials is difficult and most
reported routes use a combination of high pressures and high temperatures
to obtain a high density. However, it had been reported that with the
aid of carbon, boron carbide and silicon carbide, pressureless sintering of
ZrB2 is possible. Further work in this thesis shows that the key factor to
obtain successful sintering is to limit the oxidation of the raw materials. It
is shown also that dense materials can be obtained from relatively coarse
powders with only carbon as the sintering additive. Adding silicon carbide
or boron carbide does allow the grain growth at the sintering temperature
to be limited.
Mechanical characterisation of these materials was performed firstly using
small-scale hardness measurements by nano-indentation at moderate tem-
peratures (25-300 ◦C). The indentations were carried out at strain rates
in the range 10−4 and 10−1 s−1. An analysis to extract the Peierls stress
(6.6± 0.7 GPa) and activation energy (2.56± 1.6× 10−19 J) for lattice re-
II
sistance controlled plastic flow is presented. Additional mechanical charac-
terisation consisted in measuring the self-contact hardness at temperatures
from 900-2000 ◦C. These measurements clarify that the initial rapid de-
crease in hardness at room temperature is followed by a region of more or
less constant hardness before further decreases in hardness become appar-
ent at the highest temperatures. A TEM investigation of the deformation
mechanisms shows that near room temperature, extensive dislocation flow
occurs underneath indentations, whereas at the highest temperatures mea-
sured in this work, dislocations either anneal out or do not partake in the
deformation. The available data was then summarised through proposing a
deformation mechanism map for ZrB2.
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1 Introduction
In recent years, the development of thermal protection systems (TPS) and
other high temperature components for the next generation of hypersonic
aerospace vehicles has attracted significant research interest. Current vehi-
cles have blunt bodies with leading edge radii on the order of metres. The
design of the next generation space craft aims to have sharp leading edges
(radii of centimetres) in order to achieve better manoeuvrability. How-
ever, this will increase the surface temperature experienced by the leading
edges and nose cones, especially during re-entry. According to NASA’s
analysis, the materials need to maintain sufficient mechanical properties at
projected operating temperature of 2000 to 2400 ◦C, in air and should be
reusable. The state-of-art materials include carbon-carbon composites and
silicon carbide-based composites, which have limited operating temperature
of up to 1650 ◦C which is substantially lower than the aim [1].
The development of high temperature materials for aerospace application
can be defined into four distinct classes: refractory metal with oxidation
resistant coatings, oxidation-resistant intermetallic compounds, oxidation-
resistant graphite composites, and boride-based UHTCs.
In the 1960s, research was focussed on oxidation resistant coatings on re-
fractory metals, with compositions based on additions of aluminium, chromium
and silicon. They showed good structural capability at elevated tempera-
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tures but displayed poor oxidation resistance. Therefore oxidation resistant
coatings were developed for these refractory metals in order to overcome
this problem. Among them, MoSi2 coatings have demonstrated a maxi-
mum temperature capability of 1800 ◦C [2].
The development of oxidation resistant graphite took place in parallel
with the development of refractory metal coatings in the 1960s [3, 4]. An
important composition known as “grade JTA” graphite achieved good oxi-
dation performance at 2000 ◦C by optimizing additions of ZrB2, Si, Nb and
V. However this material suffers poorer performance at low temperatures.
Significant research into the refractory borides was reported in the 1940s.
A survey of the oxidation resistance of transition metal diborides was con-
ducted between 1200 ◦C and 2200 ◦C [5]. HfB2 was revealed as having the
best oxidation resistance of the group IVb compounds, followed by ZrB2.
Metal-rich compositions displayed significantly better oxidation resistance
than boron-rich compositions. This research led to UHTC compositions
based on ZrB2, HfB2 and several other diborides being patented [6].
Today, ultra-high temperature ceramics (UHTCs) refers to a class of car-
bides, nitrides and borides with very high melting temperatures (>3000 ◦C).
They also have high thermal and electrical conductivities, chemical stabil-
ity and good thermal shock resistance. Among the UHTC family, two most
common ones are diborides of zirconium and hafnium, considered potential
candidates to meet the future design requirements. However the single-
phase borides are still limited by their poor oxidation resistance and abla-
tion resistance at elevated temperatures. Therefore composites have been
investigated in order to improve the densification, mechanical and physi-
cal properties, as well as the oxidation and ablation resistance. Pure fine-
grained ZrB2 and HfB2 have strengths of a few hundred MPa, which can be
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increased to over 1 GPa with the addition of SiC as a reinforcement. Also
the addition of silica scale formers such as SiC or MoSi2 improves the oxida-
tion behaviour above 1100 ◦C, where B2O3 starts to evaporate rapidly and
causes linear, active oxidation. Currently the reference material is ZrB2-
20vol% SiC which has the best oxidation resistance up to 1600 ◦C by form-
ing a protective silica layer at high temperature, and excellent mechanical
properties [7, 8].
Although ZrB2 and HfB2 have similar chemical and thermo-mechanical
properties (see Table 1.1), there are some significant differences to be no-
ticed. Firstly, ZrB2 has a lower density of 6.09 g cm
−3 compared to the much
higher density of 11.12 g cm−3 for HfB2. Thus ZrB2-based UHTCs have a
much lower specific mass than those based on HfB2. This can be further re-
duced with the addition of SiC which has a density of 3.2 g cm−3. Secondly,
ZrB2-based composites tend to display better sinterability than those based
on or containing HfB2 [7]. However, HfB2 shows better mechanical prop-
erties at high temperatures such as higher flexural strength [9]. Moreover,
the cost of ZrB2 is also less than half the cost of HfB2, although for this
specialist application, better thermo-mechanical properties and oxidation
resistance may be considered more important than the material cost.
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Table 1.1: Summary of some structural, physical and thermodynamic prop-
erties of ZrB2 and HfB2.
Property ZrB2 HfB2
Crystal system space group Hexagonal Hexagonal
prototype structure P6/mmm AlB2 P6/mmm AlB2
a (A˚) 3.17 3.139
c (A˚) 3.53 3.473
Density (g cm−3) 6.119 11.212
Melting temperature (◦C) 3245 3380
Young’s modulus (GPa) 489 480
Bulk modulus (GPa) 215 212
Hardness (GPa) 23 28
Coefficient of Thermal Expansion (K−1) 5.9× 10−6 6.3× 10−6
Heat capacity at 25 ◦C(J mol−1 K−1) 48.2 49.5
Electrical conductivity (S m−1) 1.0× 107 9.1× 106
Thermal conductivity (W m−1 K−1) 60 104
Enthalpy of formation at 25 ◦C (kJ) -322.6 -358.1
Free energy of formation at 25 ◦C (kJ) -318.2 -332.2
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The aim of this work is to investigate the processing and the mechanical
behaviour of ZrB2.
The literature review in Chapter 2 will demonstrate that ZrB2-based ma-
terials have often been prepared by hot pressing. However, some reports
indicated that pressureless sintering is possible. Since simpler sintering
methods also allow a wider variety of shapes to be produced, it was decided
to investigate further which circumstances ZrB2 or ZrB2-based composites
can be sintered without pressure. The results of this investigation are re-
ported in Chapter 4, after an overview of the experimental methods used in
Chapter 3.
A second observation from the literature review is that although these
materials are intended for use at elevated temperatures, very little is known
about their high temperature mechanical behaviour. There is some strength
data, but especially the yield strength and creep behaviour are very poorly
documented. Therefore, in Chapter 5, the lattice resistance to dislocation
glide is investigated using hardness measurements, and the high temperature
processes responsible for deformation are investigated in Chapter 6. In
Chapter 7, the findings of the work carried out here are combined with
literature findings via the construction of a deformation mechanism map
for ZrB2. This will followed by Chapter 8 containing the conclusions and
suggestions for further work.
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2 Literature Review
The focus of this project is to study the processing and mechanical behaviour
of ZrB2. As such, this chapter contains an overview of the relevant back-
ground knowledge, techniques and current literature based on these topics.
First, different processing methods and the effect of sintering additives are
discussed. Then a review of high temperature mechanical characterisation
of ZrB2 related materials is given.
2.1 Effect of Processing and Additives
Zirconium diboride (ZrB2) has a hexagonal hexagonal structure (AlB2-type,
P6/mmm space group). As shown in Figure 2.1, each unit cell contains
layers of boron atoms in graphite-like rings and closed-packed Zr layers.
Due to the covalent bonding nature, the low self-diffusion rate, and the oxide
impurities often contained in the starting powder that promote coarsening
[10,11], it is difficult to sinter ZrB2 to full density. Historically hot pressing
has been the dominant method to densify ZrB2 materials. Recently hot
reactive sintering, spark plasma sintering and pressureless sintering have also
been investigated for producing dense materials. This section will focus on
effects of these sintering methods, as well as the effects of sintering additives
on the densification behaviour and final properties of ZrB2.
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Figure 2.1: Four projections of the AlB2-type crystal structure of ZrB2. [7]
2.1.1 Hot Pressing
Hot pressing is a conventional method to fabricate ZrB2 ceramics and ZrB2-
based composites and has been used extensively. Early studies in the
1960s showed the densification of pure ZrB2 without additives requires very
high temperatures (above 2100 ◦C) and moderate applied pressures (20-
30 MPa) [12,13], or lower temperatures (1800 ◦C) if very high pressures can
be applied (>800 MPa) [14, 15]. The results of previous studies using HP
as densification method are summarised in Table 2.1, including the starting
powders, sintering additives, sintering conditions and final densities.
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Table 2.1: Raw materials, hot pressing conditions, and final densities of pure
ZrB2 and ZrB2-based ceramics with various additives
Composition Particle Size (µm) Mixing Methods Sintering Conditions Relative Reference
ZrB2 Additive Density (%)
ZrB2 20 Ball-milled 2000
◦C/20 MPa/20 mins 73 [12]
ZrB2 2.1 Ball-milled 2000
◦C/30 MPa/60 mins 91 [16]
ZrB2 0.45 Attrition-milled 1900
◦C/32 MPa/45 mins 99.8 [17]
ZrB2 2 Ball-milled 1650
◦C/60 MPa/20 mins 71.6 [18]
ZrB2 5-10 Ball-milled 1800
◦C/20 MPa/60 mins 78 [19]
ZrB2-2.5 wt% Si3N4 0.1-8 Ball-milled 1700
◦C/30 MPa/15 mins 98 [20]
ZrB2-10 vol% SiC 2 0.7 Attrition-milled 1900
◦C/32 MPa/45 mins 93.2 [21]
ZrB2-20 vol% SiC 2 0.7 Attrition-milled 1900
◦C/32 MPa/45 mins 99.7 [21]
ZrB2-30 vol% SiC 2 0.7 Attrition-milled 1900
◦C/32 MPa/45 mins 99.4 [21]
ZrB2-5.7 vol% SiC 2 1.7 Ball-milled 1650
◦C/60 MPa/120 mins 81.6 [18]
ZrB2-22.4 vol% SiC 2 1.7 Ball-milled 1650
◦C/60 MPa/120 mins 97.9 [18]
ZrB2-22.4 vol% SiC 2 0.04 Ball-milled 1650
◦C/60 MPa/120 mins 99.6 [18]
ZrB2-16 vol% (SiC+C) 5-10 Polycarbosilane Ball-milled 1800
◦C/20 MPa/60 mins 100 [19]
ZrB2-20%MoSi2 2 2.8 Ball-milled 1800
◦C/30 MPa/5 mins 98.1 [22]
ZrB2-20%MoSi2 2.1 3.1 Ball-milled 1800
◦C/30 MPa/30 mins 99.8 [23]
ZrB2-20%ZrSi2 20 3-5 Ball-milled 2000
◦C/20 MPa/20 mins 95 [12]
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It has been found that the particle size of the raw materials plays an im-
portant role. Coarse ZrB2 powder (20 µm) can only be sintered to a relative
density of 73% at 2000 ◦C under 20 MPa pressure [12], whereas a relative
density of 91% was reached for finer ZrB2 powder (2.1 µm) under the same
conditions [16]. Furthermore, by using high energy attrition milling with
WC milling balls, the particle size of ZrB2 was reduced from approximately
2.1 µm to less than 0.5 µm and WC contamination was introduced as sin-
tering additive. Such a fine ZrB2 can be sintered to full density at an even
lower temperature of 1900 ◦C with 32 MPa for 45 mins [17].
On the other hand, oxygen impurities (mainly B2O3 and ZrO2) on the
surface of the powder particles have been shown to limit the densification by
promoting grain and pore growth [24]. In particular, B2O3 enhances grain
growth and inhibits densification by promoting coarsening at temperaturse
below 1800 ◦C [25]. In order to overcome the problem, various additives
have been applied to enhance densification. Metallic additives, such as Zr,
Hf, Cr, Y, Fe, Ni and Al, lower the sintering temperature [26, 27] but also
compromise the high temperature strength and oxidation resistance. Other
ceramics additives (SiC, B4C, BN, MoSi2, WC and TaB2), were also inves-
tigated [17, 18, 21, 28–31]. By reacting with the oxides impurities and/or
forming intergranular second phases, theses additives can improve the den-
sification process, as well as improve the oxidation and thermal stress resis-
tance. Particularly the addition of SiC improved the sinterability, limited
grain growth and increased the oxidation and ablation resistance of ZrB2
ceramics up to 1600 ◦C [18,32].
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2.1.2 Reactive Hot Pressing
Hot pressing of ZrB2-based ceramics requires very high temperature (>2000
◦C)
and external pressure (40-50 MPa) and sintering additives. However, the
intergranular amorphous phases could result in decreasing the mechanical
properties. Therefore Reactive Hot Pressing (RHP) has been proposed as an
alternative route for producing ZrB2-based ceramics and composites. The
synthesis and densification can be combined into one step, including in situ
reactions of precursor powders and densification processes. It has the ben-
efit of controlling the resulting microstructure through a reduction of the
particle size of the starting powders and lowering the sintering temperature.
Chamberlain et al. produced >95% relative density ZrB2 by reactive hot
pressing at temperature as low as 1650 ◦C for 6 hrs [33]. The sintered spec-
imen has a grain size of 0.5± 0.3 µm, see Figure 2.2(a). This is attributed
to the nanosized (<100 nm) powder by attrition milling which reacted with
boron below 600 ◦C. >99% relative density can be achieved by further rais-
ing the sintering temperature to 1800 ◦C. However, the grains become more
coarse, 1.5± 1.2 µm, larger by a factor of 3 compared to that of 1650 ◦C,
see Figure 2.2(b).
Vickers hardness, elastic modulus, and flexure strength of fully dense ma-
terials produced by RHP were 27 GPa, 510 GPa, and 800 MPa, respectively,
which are comparable with measured properties of dense samples produced
by other methods.
2.1.3 Spark Plasma Sintering
More recently, Spark Plasma Sintering (SPS) has been investigated as a
more advanced processing route to sinter UHTCs and other ceramic ma-
terials. The SPS process densifies the powder compact by simultaneously
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Figure 2.2: SEM pictures of thermally etched ZrB2 samples produced by
RHP at (a) 1650 ◦C and (b) 1800 ◦C. The bright and dark
phases in the microstructure are ZrB2 and SiC respectively. [33]
applying a uniaxial load and a direct or pulsed electric current through the
die and sample. Although SPS is similar to HP, in place of indirect heat-
ing, the applied electrical field heats the die and the powder compact (if
the powder is electrically conductive). The rapid heating rate (hundreds of
◦C min−1) can limit the grain growth, and the short sintering cycle promotes
fine and homogeneous grains. As an example, Bellosi et al. [34] reported the
production of UHTCs in the systems HfB2-SiC, ZrB2-MoSi2, and ZrB2-ZrC-
SiC by SPS. The resulting materials reached >99% density in 20 minutes
(including heating and cooling). Due to the fast sintering cycle, they had
fine microstructures with grain diameters of 1.52 µm and there were negli-
gible amounts of secondary phases unlike the same materials prepared by
hot pressing, see Figure 2.3. Also the flexural strength did not decrease at
1500 ◦C compared with the values at room temperature. Conversely, in the
corresponding HP sintered material, some decrease in strength occurred.
Therefore, the sintering time, heating rate and sintering temperature are
the important factors that control the fine uniform microstructure and den-
sification. Although a finer and cleaner microstructure can be obtained by
SPS, it can be questioned whether this is a real advantage, as the material
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Figure 2.3: SEM micrographs of polished sections of the
77.5vol%HfB2+19.5vol%β-SiC+3vol%HfN. (a)HP sin-
tered: (1)HfB2, (2)SiC, (3)Hf(C,N), (4)HfO2, (5)Si-Hf-C-O,
(6)BN [35], (b)sintered by SPS: (1)HfB2, (2)SiC, (3)HfO2 [34].
will be used at very high temperature environment, in which case the other
secondary phases formed during sintering by other methods would appear
anyway.
2.1.4 Pressureless Sintering
Although the various pressure assisted sintering methods are able to offer
the advantages of achieving full densification without the need for sintering
aids, the products are limited to relatively simple shapes. As a consequence,
expensive and time-consuming machining is required to rework to desired
geometries. As an alternative, researchers have carried out densification of
ZrB2 materials with Pressureless Sintering (PS), which has the benefit of
near-net-shape densification of complex shaped ceramic components.
Without additives, pressureless sintering of ZrB2 is very difficult. There-
fore little attention was given to pressureless sintering before the 1980s. In
a recent study, Chamberlain et al. [36] reported that pure ZrB2 sintered at
2150 ◦C for 9 hrs reached 98% relative density. This is mainly attributed
to the fine particle size of the starting powder. The submicron particles
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provided high surface area, which increased the driving force for the den-
sification. The WC contamination from the milling balls was suggested to
have aided sintering as WC may react with the oxide impurities as well as
forming a liquid phase aiding the diffusion. However, the long dwell time
resulted in extensive grain growth.
Various additives have been investigated to improve the densification of
ZrB2 during pressureless sintering. In general, the additives applied are the
same ones used in other densification methods. They can be classified into
two main groups: liquid phase formers and reactive agents.
Reactive additives such as B4C, carbon and WC have been applied to
remove oxide impurities (mainly ZrO2 and B2O3) from the surface of the
raw materials to avoid coarsening during sintering [37–40]. It was found
that 4wt% B4C additive can lower the sintering temperature and time to
1 hr at 1850 ◦C provided the raw powder is attrition milled to submicron
particle size to increase its surface area [41].
Other metallic additives like Ni, Fe, Co, Mo and disilicides of transition
metals, for instance, MoSi2, ZrSi2 have also been investigated by various
authors [31, 42, 43]. Characterisation of the microstructures after sintering
suggests that many of these additives enhance sintering through formation
of a liquid phase (liquid phase sintering).
Carbon is known to be an effective sintering additive for other non-oxide
ceramics like SiC [44]. Similar results were obtained for B4C and TiB2,
where carbon facilitated densification by its reaction with surface oxides at
elevated temperatures [45]. Zhu et al. [46] reported that 1wt% carbon coated
ZrB2 can achieve > 99% relative density at 1900
◦C whereas uncoated ZrB2
only sintered to 70%. Zhang et al. [39] sintered ZrB2-SiC composites to near-
full density (>98 %) at 1950 ◦C with B4C and carbon as sintering additives.
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The mechanical properties were at the low end of similar materials sintered
by hot pressing, due to the large grain size of about 13 µm. The oxidation
resistance of the composite was better than that of monolithic ZrB2 and
was comparable to that of hot-pressed ZrB2-SiC ceramics.
2.2 Mechanical properties
Beside high melting temperatures, their excellent thermal-mechanical prop-
erties make the ZrB2-based materials potential candidates for ultra-high
temperature applications. Generally, the mechanical properties of ZrB2-
based ceramics are largely affected by porosity, sintering methods, and the
amount of additives. In this section, the strength, creep and hardness of
ZrB2 and ZrB2-SiC ceramics are discussed.
2.2.1 Bending Strength
Many studies on ultra-high temperature ceramics report at least some me-
chanical data. The vast majority of these reports have been of room tem-
perature properties. However, as shown in Figure 2.4, for zirconium di-
boride, there is a reasonably complete picture of the variation of the bend-
ing strength with temperature and despite the scatter to be expected for
data from a wide range of materials and laboratories, it is still possible to
determine some overall trends.
It is clear that the widest scatter exists in room temperature strength.
ZrB2-SiC composites are often much stronger that the native ZrB2 matrix.
This is not surprising since addition of SiC reduces the grain size from 20-
50 µm by an order of magnitude, and in this range reducing the grain size is
beneficial in increasing the strength. Moreover, the toughness also appears
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Figure 2.4: Literature data for the bend strength of ZrB2-based composites
versus temperature. Data was taken from [8, 22, 47–50]. The
dashed lines are trends for specific sets of materials.
to increase with addition of SiC, see Figure 2.5, and for a fixed defect size
a higher toughness will yield a higher strength.
At higher temperatures, the data of a good number of independent studies
suggests that mechanisms which optimize the room temperature strength
might not remain effective at higher temperatures so that all composites
tend towards the value also seen in the large-grained ZrB2 matrix. It is not
clear whether this is a coincidence due to only a limited number of materials
having been tested to high temperature or whether this is true trend.
The data also illustrates that some sintering additives, especially those
which allow sintering at much reduced temperatures such as Ni, also lower
the temperature where the resistance to deformation essentially collapses
to zero. Such sintering additives might be useful for products at the lower
temperature range, but not for very high temperature applications. Finally,
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Figure 2.5: Literature data for the fracture toughness of ZrB2-based com-
posites as a function of the volume fraction of SiC. Data was
taken from [8,43,50–53]
from the published data it is not entirely clear whether the presence of SiC
reduces the very high temperature mechanical properties or not.
2.2.2 Creep
Early studies on creep of ZrB2 started in the 70s and 80s but were very
limited. Then after 20 years of absence, recent investigation from 10 years
ago are still going on.
In 1970, Rhodes et al. [47] reported a series of short-time compressive
creep measurements on ZrB2 and ZrB2-20 vol% SiC materials at 1200-
2000 ◦C under a fixed stress 173 MPa. The measurements showed macro-
scopic creep occurs as low as 1400 ◦C. The activation energy and stress
dependence parameter were measured to be 217-582 kJ/mol and about 2.5,
respectively. Creep rate was inversely proportional to grain size to the power
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1.4-2.0, which strongly suggested grain boundary sliding as the predominant
deformation mode.
Another study by Spivak in 1974 [54] characterised a ZrB2-ZrN two-phase
composite with 20-75 mol% ZrN. Creep measurements were carried out at
2000-2300 ◦C in He atmosphere under 5-20 MPa stress. The highest creep
rate 2×10−5 s−1 was observed for 50mol% composition at 2300 ◦C. However
the relative densities of the samples are very low (68-78% of the theoretical
densities), which may have caused the degradation of creep properties.
In 1981, Kats et al. [55] measured compressive creep of another two phase
composite ZrC-ZrB2 with ZrB2 ranging from 30-80% at temperatures of
1700-2420 ◦C and stress of 5-30 MPa. The results showed 2.8 × 10−4 s−1
which is one order more than the individual components.
After 20 years, Martinez et al. [26] studied creep behaviour of 86.5%
dense ZrB2 and 98% dense ZrB2-4% Ni by compression tests. The mea-
surements were carried out in Ar atmosphere at temperatures 1400-1600 ◦C
and stresses 47-472.3 MPa for pure ZrB2 and 10-63.5 MPa for ZrB2+4% Ni.
Pure ZrB2 did not show significant creep at 1400
◦C under stress below
298 MPa. The stress exponent was 1.7 at 1500 ◦C under 408 MPa and 0.6
at 1600 ◦C under stresses below 200 MPa. The ZrB2-4% Ni failed catas-
trophically under stress above 25 MPa at 1200 ◦C, due to Ni rich grain
boundary phases at triple points of the grain structure.
The well cited work by Levine et al. [56] investigated preliminary creep
behaviour of ZrB2-20vol% SiC and ZrB2-14vol% SiC-30vol% C in air under
180-250 MPa. The reported creep rates are in the range of 10−10−10−8 s−1,
at low testing temperatures of 1127 ◦C and 1327 ◦C.
Then the work by Talmy et al. [57] investigated the high temperature
creep of ZrB2-SiC system extensively. Flexural creep of ZrB2/0-50vol% SiC
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was characterised in oxidising atmosphere as a function of temperature
(1200-1500 ◦C), stress (30-180 MPa), and SiC particle size (2 and 10 µm).
The results showed the creep behaviour strongly depended on each of these
factors. Their creep rates increased with increasing SiC content, temper-
ature and stress and with decreasing SiC particle size. The activation en-
ergy was 130-511 kJ/mol for ceramics containing 0-50vol%SiC, respectively.
The stress exponent varies with SiC content and particle size, about 2 for
50vol%SiC and 1 for 0-25%SiC. However the results were calculated from
only three data points and the repeatability and error of the results were
not discussed.
Therefore the studies on creep behaviour of ZrB2 materials are still in-
conclusive. The early work studied the creep behaviour at elevated tem-
peratures but do not have a complete spectrum of stress and were lack of
repeatability. The recent work do not have measurements above 1600 ◦C,
which is the proposed temperature for applications.
2.2.3 Hardness
Hardness of ZrB2-based ceramics is influenced by the grain size, additive
phases and porosity. There are extensive literature reporting hardness val-
ues of ZrB2 materials at room temperatures and the results vary widely.
Typical hardness value of ZrB2 prepared by hot pressing is 20-24 GPa, how-
ever Chamberlain [36] found that ZrB2 prepared by pressureless sintering
at 2150 ◦C for 9 hrs gives only about 14 GPa. He suggested the decrease
in hardness can be attributed to the larger grain size of the pressureless
sintered material. The larger grain size decreases the frequency with which
dislocations encounter grain boundaries, thus reducing the amount of stress
required for deformation to occur. However, this explanation does not stay
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with the higher hardness of ZrB2 single crystals [58]. Another factor is the
anisotropic nature of the hexagonal crystal structure. Formation of inter-
nal stresses can occur because of the thermal expansion difference between
crystallographic directions (αa = 5.61× 10−6, αc = 6.74× 10−6). Therefore
once the grains become too large, microcracks can be formed during cooling
cycle of sintering.
Moreover, high temperature hardness measurements for ZrB2 are very
limited. The literature data has been plotted in Figure 2.6 as a function of
temperature. The earliest systematic work is by Keoster and Moak in 1967.
They reported hardness of ZrB2 from room temperature up to 1900 K. The
data showed a decrease in softening rate at high temperatures from about
800 K. They also found that this wasn’t the case for HfB2 but did not
further explain the reason.
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Figure 2.6: The literature data of hardness versus temperature for ZrB2.
Data was taken from [58–60]
The later work by Bsenko and Lundstrom in 1971 only covered room
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temperature to 823 K. A boron rich sample showed slightly lower hardness
than then boron poor sample at temperatures above 673 K. The thermal
softening coefficient, B, as defined by H = Ae−BT , was determined to be
2.1 × 10−3 K−1. However this parameter was only calculated with limited
data at temperatures up to 550 K and assuming it is a linear degradation.
It clearly could not be applied to Koester and Moak’s data.
The only recent investigation was by Xuan et al. on single crystal ZrB2
and published in 2002 [58]. They measured Vickers microhardness of (0001),
(1010) and (1120) planes at temperatures from room temperature to 1273 K.
It was found that the (0001) has always a hardness about 35% higher than
the other two planes. The data also showed a clear inflection at 700 K,
which is in agreement with observation by Koester and Moak.
Overall, the hardness of ZrB2 at elevated temperatures are very limited.
Considering the application temperature is above 1600 ◦C the usefulness of
hardness to analyse the deformation mechanism and parameters, it is impor-
tant to pursue more investigation on this property at higher temperatures
in order to gain a better understanding.
2.3 Conclusion
In general, pressureless sintering benefits near-net-shape finishing but re-
quires the presence of sintering aids. As a consequence, pressureless sintered
material often contains other phases which can be detrimental to the high
temperature capability of the material, as well as excessive grain growth
which reduces the mechanical properties. On the other hand, it is likely
that these phases will form during operation at high temperatures anyway,
so there is no real reason to use complicated sintering methods. In this work,
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pressureless sintering will be studied as primary sintering technique to fabri-
cate ZrB2. By tailoring the additive composition and processing procedures,
the sintered samples should achieve similar mechanical and chemical prop-
erties as by other sintering techniques. Hot pressing was also used to sinter
monolithic ZrB2 samples without secondary phases introduced by sintering
additives.
Most literature results of mechanical properties of ZrB2 have been from
room temperature measurements. It is therefore necessary to obtain high
temperature data to aid the design of this material when it is used in appli-
cations. Although there is some information on deformation at intermediate
temperatures, there have only been 1 or 2 studies on the high temperature
deformation behaviour.
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3 Experimental Methods
In this section, the main techniques that have been applied in this study are
introduced, including the principles of the equipment and the data analysis
procedures. Most are common techniques in materials research, but with the
progress in this research topic, more advanced techniques some developed
here will be employed.
3.1 Powder Processing
The properties of final sintered ceramics can be strongly influenced by start-
ing powders properties such as particle size, surface area, impurities, and
morphology. Finer starting powders and hence higher surface areas increase
the driving force for sintering of the ceramic and fine reinforcing phases can
limit growth of the diboride grains.
Commercially available ZrB2, SiC and B4C powders were used in this
project to prepare the materials. The properties of the powders are listed
in Table 3.1. Powder blends of typically 50 g were prepared by dispersing the
powders in 75 g methyl ethyl ketone (MEK) using a magnetic stirrer. Car-
bon was added in the form of a phenolic resin (Novolak, CR-96, carbon yield
61 wt%). The liquid resin was slowly added to the mixtures while stirring
was continued. The slurry was then ball-milled for 24 hrs in polyethylene
bottles using tungsten carbide milling balls to mix the raw materials homo-
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geneously and to break agglomerates and large particles. After milling, the
slurry was dried under vacuum in a rotary evaporator (BUCHI Rotavapor
R-210/215) with water bath set to 90 ◦C. The dried powders were ground
with a mortar and pestle and then sieved to eliminate coarse agglomerates.
Table 3.1: Properties of the raw powders as reported by the manufacturers.
ZrB2 SiC B4C
Supplier H.C. Starck H.C. Starck H.C. Starck
Grade B UF-25 HS
Density (g/cm−3) 6.085 3.21 2.52
Mean particle size (µm) 2.7 0.45 0.25
oxygen content (wt%) 0.9 2.0 1.3
To examine the as-received powder and the effect of ball milling, the
particle size of raw and ball-milled powders was analysed with a laser light
diffraction technique (Mastersizer, Malvern Instruments Ltd, UK). Powders
were dispersed in distilled water, and to ensure good dispersion, the slurries
were put in an ultra-sonic bath for 5 minutes. For comparison, particle
sizes at different ball-milling time were analysed. Optimal milling time and
pre-sintering particle size were thus determined from these tests.
The powders were then pressed by different methods and conditions to
optimise the pressing condition to produce green body before proceeding to
sintering. Pure ZrB2, ZrB2-2vol% B4C-1vol% C powders were pressed in
uni-axial press machine from 40 MPa until end-capping occurred. Densities
of the green bodies were determined from their weight and dimensions. Pure
ZrB2 powder was also pressed in a uni-axial compressing machine where the
load and displacement were recorded continuously so that the density change
can be monitored.
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3.2 Sintering and Densification
ZrB2 based samples were densified using two different methods, pressureless
sintering and hot pressing. With sintering aids, pressureless sintering is
often preferred as it allows near-net-shape finish and easier mass production.
Hot pressing can produce dense ZrB2 samples without additives through
using pressure to enhance densification. Both sintering methods will be
explained below.
3.2.1 Pressureless Sintering
For pressurless sintering, samples were pressed to pellets or discs before sin-
tering. Sample shaping was achieved through uni-axially pressing to 30 MPa
with a hold time of 30 s at maximum pressure using 13 mm or 40 mm di-
ameter cylindrical steel dies (see Figure 3.1(a)). Further densification prior
to sintering was achieved using cold iso-static pressing (CIP) to 300 MPa
for 120 s (see Figure 3.1(b)).
(a) (b)
Figure 3.1: Schematic diagrams of two pressing methods to prepare the
green bodies before sintering: (a)vertical uniaxial pressing,
(b)cold iso-static pressing.
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The green compacts were heated at 10 ◦C min−1 to 400 ◦C or 700 ◦C
(2 hrs isothermal hold) under flowing argon, to convert the phenolic resin
into carbon as a sintering aid.
Finally, the samples were sintered for up to 2 hrs in a graphite furnace at
temperatures from 1800 ◦C to 2000 ◦C in flowing argon. A heating rate of
10 ◦C min−1 was employed throughout and additionally two 1 h isothermal
holdings at 1450 ◦C and 1600 ◦C were used as this is claimed to greatly
improve the sintering through B2O3 evaporation [36, 38]. The furnace was
then cooled to room temperature with a 20 ◦C min−1 cooling rate.
3.2.2 Hot Pressing
For hot pressing, pure ZrB2 powder was hot pressed using a 80 mm die.
The inner surfaces of the graphite rams and dies were lined with graphitised
foil to aid pellet removal and protect the equipment. Initially the sample
was first heated to 700 ◦C at 15 kW under 8.5 MPa pressure in vacuum
condition. Following that it was heated to 1600 ◦C with 8.5 MPa pressure
in 45 mins. Then it was further heated to 2000 ◦C in 20 mins and was held
at 2000 ◦C for 1 hr under a uniaxial pressure of 30 MPa in Ar gas. B2O3
is expected to evaporate above 1200 ◦C. Upon completion of densification,
8.5 MPa pressure was left on the sample until it was cooled to 1600 ◦C. The
temperature was measured by an optical pyrometer aimed at the outside of
the graphite mould.
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3.3 Post-sintering Characterisation
3.3.1 Density Measurement
Densities of the specimens were estimated immediately after sintering by
calculation from geometrical dimensions and mass. The density was also
determined by Archimedes method using distilled water as the immersing
medium. Archimedes principle states that an object immersed in water is
buoyed up by a force equal to the weight of the water displaced by the object.
So when the mass of the object is measured while it is fully immersed in
water, the submerged weight of the sample, Ms equals to
Ms = (ρ− ρw)V (3.1)
where ρw is the density of the displaced water. Since V = M/ρ, the
density can be found as
ρ =
M
M −Ms ρw (3.2)
However, for an irregular sample with open pores water can penetrate into
the sample and then the density will be higher than the true density because
the apparent volume of the material V in Equation 3.1 will be reduced by
an amount equal to the volume of pores, which fill with water.
To overcome this problem, the sample was weighed three times. Firstly,
the mass of dry specimen (M) is measured. Then the specimen is immersed
in water and allowed to saturate. To ensure the water had opportunity to
penetrate the sample fully, the watter filled container and the sample were
put in a desicator, which was evacuated for 10 minutes. Then, the specimen
was weighed while submersed in water, to obtain the saturated mass, Ms.
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The mass of the soaked sample (Mw) was also measured after taking the
specimen out of the water and carefully removing the water from the surface
of the sample. The density of the sample can then be calculated from
ρ =
M
Mw −Ms ρw (3.3)
The relative density was calculated by dividing the bulk density by a
calculated theoretical density, which takes into account the nominal com-
position of the sample calculated by rule-of-mixtures. The porosity was
calculated as (1 − relative density). the theoretical densities used are listed
in Table 3.2.
Table 3.2: Theoretical densities of materials contained in samples.
Material Density (g/cm3)
ZrB2 6.085
SiC 3.22
B4C 2.52
Carbon 2.1
3.3.2 Microstructural Analysis
Sintered samples were then cut and analysed with different techniques to in-
vestigate the microstructures. Techniques used in this section include: Scan-
ning Electron Microscopy (SEM), Energy Dispersive X-ray spectroscopy
(EDX), X-ray Diffraction (XRD), and Transmission Electron Microscopy
(TEM).
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Scanning Electron Microscopy
Cross sections perpendicular to the top surface of the samples were cut using
a diamond cutting machine (BUEHLER Isomet 2000, or BUEHLER Isomet
5000) and a high concentration diamond cutting blade. In accordance with
the machine specifications for hard ceramics, a high load and speed were
used (600-800 g, 4500-7000 rpm). The cut specimens were mounted in
electro-conductive Bakelite resin, and either ground manually on 400, 800,
1200, 2400 and 4000 grit SiC papers (300 rpm, 2 to 5 mins for each step) or
using diamond bonded grinding plates on an automatic grinding machine
(Buehler, Metaserv 2000). After grinding, the samples were polished using a
colloidal silica suspension (Struers OPS suspension) on a Struers MD CHEM
polishing cloth at 300 rpm for 10 mins. To avoid deposition of a silica film
it is important to continually rinse with water during OPS polishing.
The samples were then observed using a LEO 152 SEM with an EDS
detector. The images taken in the SEM using the secondary electron mode
were used to measure the grain size. No etching was needed as the the
natural contrast between the different grains was sufficient.
X-ray Diffraction Analysis
To examine the possible crystal structures changes and/or oxidation reac-
tions during sintering, X-ray diffraction analysis was carried out on ground
and polished specimens using a Philips PW1729 automated diffractometer
with a Cu K-alpha radiation source at 40 kV/40 mA. Data was collected
from 20 to 70◦ 2θ in steps of 0.040◦ with a counting time of 0.50 s. Phase
identification was carried out with the aid of the Jade V5.0 software, which
amongst other functions allows comparison with published x-ray diffraction
data.
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Transmission Electron Microscopy
A Helios NanoLab TM dual-beam FIB/SEM-station was used to perform
the FIB micromachining followed by ion-beam polishing of the TEM spec-
imens. The indents were first coated with a thin Pt layer to protect the
surface from ion damage during the FIB milling. A cross-section in the
indentation was prepared using a FIB milling current of 21 nA at 30 keV
Ga+ ion energy, see Figure 3.2. The specimen was cut out by FIB and
lifted out using an in-situ micromanipulator. Then the specimen was at-
tached to a copper grid and further thinned at lower current current and
voltage. Finally the specimen was cleaned and polished at 28 pA at 2 kV.
TEM investigation of the indentation plastic zone was carried out using a
JEOL 2000FX TEM at 200 keV. TEM images were produced using a digi-
tal camera (Gatan ES500W Erlanshan CCD camera)to capture micrographs
and diffraction patterns. A double tilt holder was used to allow reaching
desirable zone axis.
Dislocation Type in ZrB2 Grains
Dislocations can be described by their Burgers vector. Bending of crystal
planes around the dislocation core results in strong localised variations in
image contrast when viewed by TEM. Dislocations involve the displacement
of atoms from their original position r by some distance R(r) which has a
strain field and a stress field associated with it. The displacement field in
an isotropic solid for a mixed dislocation (i.e. one which has both screw and
edge character) can be described by
R =
1
2pi
(
bφ+
1
4(1− ν){be + b× u(2(1− 2ν) ln r + cos 2φ)}
)
(3.4)
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Figure 3.2: Cross-section sample under a indent for TEM observation, pre-
pared by FIB.
30
where R is given in polar coordinates, r and φ, b is the Burgers vector, be
is the edge component of the Burgers vector, u is a unit vector along the
dislocation line, and ν is Poisson’s ratio. The term g ·R causes local contrast
variations around a dislocation core. There are two special conditions for
R, a pure screw dislocation and a pure edge dislocation. For the case of a
pure screw dislocation, be = 0 and b is parallel to u. The cross product of b
and u is therefore b× u = 0 and Equation 3.4 can be written as
R = b
φ
2pi
=
b
2pi
tanh
(
z − zd
x
)
(3.5)
where z is the distance down the column in the column approximation (see
Hirsch et al. [61]) and zd is the distance from the surface of the sample to
the dislocation core. Both Equation 3.4 and Equation 3.5 show that g ·R is
proportional to g · b. The other special case is when a dislocation is purely
edge in character and b = be · g ·R then contains two terms: g · b and g · b×u.
For a pure screw dislocation, the invisibility criterion is:
g · b = 0 (3.6)
And for an edge dislocation, the invisiblity criterion is:
g · b× u = 0 (3.7)
and analysis is restricted to g vectors for planes both normal to the dislo-
cation line and parallel to the Burgers vector.
If two g vectors, g1 and g2, can be determined for which g · b = 0 then
g1 × g2 is parallel to b, although this is complicated by edge components
and weak contrast situations where g · b < 1/3. Prior to invisibility criterion
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analysis, it is necessary to create a table of possible g · b combinations and
their dot products. Candidate bs are normally the shortest lattice vectors
and candidate gs are low order closest-packed planes. Table 3.3 shows the
potential combinations used in the current work for hexagonal ZrB2:
Table 3.3: Values of g · b for perfect dislocations calculated from relevant low
index zone axes and possible Burgers vectors for hexagonal ZrB2
HHHHHH3b
g [
1100
] [
1010
] [
0110
]
[0001]
[
0111
] [
0111
]
± [1210] 0 ±1 ±1 0 ±1 ±1
± [2110] ±1 0 ±1 ±1 ±1 ±1
± [2110] ±1 ±1 0 0 0 0
± [0003] 0 0 0 ±1 ±1 ±1
± [1123] 0 ±1 ±1 ±1 0 ±2
± [1213] ±1 0 ±1 ±1 ±2 0
± [2113] ±1 ±1 0 ±1 ±1 ±1
± [1123] 0 ±1 ±1 ±1 ±2 0
± [1213] ±1 0 ±1 ±1 0 ±2
± [2113] ±1 ±1 0 ±1 ±1 ±1
Two-beam conditions were used for imaging, i.e. the diffraction pattern
contained the transmitted beam (a candidate b) and one strongly diffracted
beam (a candidate g). The conditions for invisibility were confirmed by
tilting the specimen to the possible g and b combinations where g · b = 0.
3.4 Nano-indentation
3.4.1 Extraction of Hardness and Young’s Modulus
Compared to conventional hardness tests, nano-indentation can obtain hard-
ness and stiffness properties of materials at a fine scale. The analysis method
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introduced here and implemented in the software was developed by Oliver
and Pharr [62, 63]. The principle of this method is that when pressing an
indenter against a sample, two modes of deformation occur and give the
total displacement: one is the elastic deformation, which causes the sample
surface to adjust itself to the shape of the indenter; and the other one is the
plastic (permanent) deformation, where the material flows to create space
for indenter. The deformation during an indentation process is schemat-
ically shown in Figure 3.3. During experiment, the penetration depth of
the indenter and the applied load are continuously measured, yielding the
load-displacement curve shown in Figure 3.4.
Figure 3.3: Schematic representation of deformation geometry during the
indentation process.
Different from Vickers hardness test, in which the entire contact is con-
sidered, in nano-indentation tests, the projected area is used. The latter is
deduced from the load-displacement data near the maximum load.
The unloading stiffness S is defined as the initial slope of the unloading
curve (shown in Figure 3.4). The curve is firstly fitted to a power-law
relation
P = α(h− hf )m (3.8)
where P is the indentation load, h is indentation depth, hf is the depth of
residual impression after complete unloading, and α, m are empirical fitting
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Figure 3.4: Typical load-displacement curve obtained from an instrumented
nano-indentation experiment performed with a Berkovich inden-
ter, showing important analysis parameters. [63]
parameters. The slope is found by differentiating the function,
S =
[
dP
dh
]
h−hmax
= αm(hmax − hf )m−1 (3.9)
The contact depth hc, which is the depth at which the indenter is in contact
with the sample at maximal load, can be found from
hc = hmax − εPmax
S
(3.10)
Where S is the initial slope of the load-displacement curve, Pmax is the peak
load, hmax is the maximum depth, and ε is a geometrical factor, which is 1
for the flat punch; 0.75 for Berkovich indenter; and 0.72 for conical indenter.
A separate calibration converts the contact height into a contact area by
means of a diamond area function. The latter is determined by making
indents in fused silica and determining the area from its known isotropic
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stiffness.
For a perfect Berkovich indenter, the area function can be described by
A (hc) = 24.5h
2
c (3.11)
But in reality the tip of the indenter is always rounded to some extent.
Thereore the indentation hardness can be defined as
H =
Pmax
A (hc)
(3.12)
The widely used relationship for reduced modulus Er which relates projected
area A and contact stiffness S is given by
Er =
√
pi
2
S√
A
(3.13)
where the elastic modulus of the specimen E has the following relationship
with the measured reduced modulus Er,
1
Er
=
1− ν2
E
+
1− ν2i
Ei
(3.14)
where Ei and νi are the elastic modulus and Poisson’s ratio of the indenter,
E and ν is the Poissons ratio of the specimen, respectively.
3.4.2 Measurement of Plasticity Parameters
The Peierls stress or lattice resistance for hard materials, such as ceramics, is
very high and hence, it is reasonable to assume that the plastic deformation
mechanism responsible for the high hardness, and its rapid decay, is glide
controlled by the lattice-resistance. To measure the Peierls stress, activation
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volume and activation energy, first, the relation between strain rate and
applied stress for the lattice resistance will be derived.
When the lattice resistance controls glide, the movement of a dislocation
by a single step through the lattice is the rate-controlling step. Therefore
a simple model for the relation between the strain rate, dγdt , and shear flow
stress, τ , can easily be developed starting from the well established relation
between the strain rate, the mobile dislocation density, ρm, and dislocation
velocity, v:
dγ
dt
= ρm · b · v (3.15)
where b is the Burgers vector. The velocity of the dislocations can be esti-
mated using a standard approach for a stress activated process:
v = ν · b ·
[
exp
(
−(τp − τ)V
kT
)
− exp
(
−(τp + τ)V
kT
)]
(3.16)
where ν is the attempt frequency, τp is the lattice resistance or Peierls stress,
τ is the applied shear stress, V is the activation volume, T is the absolute
temperature and k is the Boltzmann constant. Inherent in the derivation
of Equation 3.16 is the assumption that the activation energy, Q, can be
equated to:
Q = τp ·V (3.17)
and therefore that V is temperature independent. Combining these equa-
tions and solving for the applied shear stress, yields the following relation-
ship:
τ =
kT
V
sinh−1
[
dγ
dt
2 · ρm · ν · b2 exp
(
τpV
kT
)]
(3.18)
As long as τpV remains large relative to kT , the second term in the square
brackets of Equation 3.16 is much less than the first, the expression can be
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simplified to
τ = τp +
kT
V
ln
[
dγ
dt
]
− kT
V
ln
[
ρm · ν · b2
]
(3.19)
This form of the expression is useful as it allows easy determination of
several parameters from experimental data. For example, a plot of the
shear flow stress against the natural logarithm of strain rate, at a particular
temperature, should result in a linear relationship with slope kTV . Therefore,
the activation volume V can be determined through the obtained slope.
Similarly, a plot of shear flow stress versus temperature at fixed strain rate
should yield straight line with intercept equal to the Peierls stress and a
slope proportional to
k
V
ln
[
dγ
dt
ρm · ν · b2
]
(3.20)
and can therefore be used to determine the mobile dislocation density ρm us-
ing the activation volume determined earlier together with estimated Burg-
ers vector and an estimate for the attempt frequency. Alternatively, the
product ρm · ν can be considered as a single parameter.
3.4.3 Measurement Results Analysis
In order to used the measured hardness data to fit to these relationships
between temperature, strain rate and the stress, the hardness data must be
converted into the stresses and associated strain rates need to be determined.
In this section the problem of attributing a strain rate to an indentation
experiment is discussed.
The definition of an effective strain rate for indentation experiments is
well established although a range of measures are used [64]. In this work
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the choice was made to use the following definition:
ε˙′ =
dε
dt
=
1
ht
× dht
dt
(3.21)
where ht is the total displacement of the indenter. The advantage of this
parameter is that it can be used conveniently as a consistent measure for the
strain rate during both the loading segment and the constant load segment.
To stabilise the numerical evaluation of the differential of the displacement,
curves were fitted to the data, and the differential was calculated by dif-
ferentiating the fitted curves. A power law relationship between time and
displacement and a logarithmic relationship between time and displacement
was used for the loading and hold segments respectively. For each loading
segment and each dwell at maximum load, the average hardness and strain
rate was calculated. During loading only the top half of the data was in-
cluded to reduce the influence of errors at small contact depths and potential
influences of indentation size. During the dwell, the data of the first 10 sec-
onds was discarded to allow the transient between the two loading modes
to subside.
While expressions for the strain rate are well established, the strain rate
used in the definition of the plastic constitutive law above is the strain rate
carried by the dislocations, i.e. it is a plastic strain rate rather than the
overall strain rate. When strain hardening is limited, this distinction is not
important in uni-axial tests when there is little or no further elastic loading
once yielding commences, i.e. the plastic and the total strain rate are equal.
During indentation of materials with high H/E the elastic displacements
continue to accumulate and there might, therefore, be a substantial differ-
ence between the total and plastic strain rates. Therefore a number of finite
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difference simulations were carried out to investigate the relationship be-
tween the plastic strain rate and the total strain rate for materials showing
substantial elastic deformation (H/E large). The total strain rate should
be the sum of the plastic and elastic strain rates:
ε˙total =
1
ht
× dht
dt
= ε˙p + ε˙e (3.22)
which with reference to Figure 3.5 can be ensured by defining the plastic
strain rate as
ε˙p =
1
ht
× dhp
dt
(3.23)
and the elastic strain rate as
ε˙e =
1
ht
× dhe,el
dt
(3.24)
The nomenclature used in Figure 3.5 for the different distances differs only
slightly from the choices made in the work by Oliver and Pharr [62] but
offers the advantage that the definition of a plastic height hp rather than
a contact height allows for a smooth transition into the limiting case for
materials where no elastic deflections occur (H/E ∼ 0, α∗ = pi/2) and the
limiting case where no plastic flow occurs. For the latter, tanα∗ = tanα
and the pressure is given by Sneddon’s solution
Pel =
Er
2 tanα∗
(3.25)
To simulate the experiments, it is assumed that when the experiment starts
hp = 0. It then suffices to derive the evolution of hp with time from the
constitutive equation of the material, and to determine all elastic parameters
as a function of applied force and hp. For the constitutive relationship, it is
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Figure 3.5: Geometrical relations for indentation by a cone with included
semiangle α, and for purly elastic indentation by a cone with
included semiangle α∗, which represents the elastic component
of the deformation.
assumed here that the hardness and plastic strain rate are related through:
H = H0 +Hs ln ε˙p (3.26)
which was chosen as it is of the same form as the constitutive equation,
Equation 3.19, for dislocation flow used in this work. Here Hs is the strain
rate sensitivity of the hardness. Note that other relationships, such as a
power law, could be used instead. The evolution of the change in plastic
height, hp, with time can then be obtained from:
dhp
dt
= ht × exp
(
H −H0
Hs
)
(3.27)
To derive the elastic parameters, use is made of a number of relationships
that can be derived from Figure 3.5 yielding an expression for the contact
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area in terms of the plastic height and the elastic contact height as:
Ac = pir
2
c = pi (hc tanα)
2 = pi (hc,el tanα)
2 (3.28)
Hence, the hardness is found as:
H =
F
pi (hc,el + hp tanα)
2 (3.29)
Both the imaginary cone causing the elastic deformation and the actual
cone must experience the same pressure, therefore hardness must be equal
to the elastic equilibrium pressure on the imaginary cone, hence:
F
pi (hc,el + hp tanα)
2 =
Er
2 tanα∗
(3.30)
where tanα∗ =
(
1 +
hp
hc,el
)
, so that
h2c,el + hc,elhp −
2
pi
F
tanα ·Er = 0 (3.31)
This is a quadratic equation with solution
hc,el =
−hp +
√
h2p +
8
pi
F
tanα ·Er
2
(3.32)
Ussing Sneddon’s relationship between the different heights for an elastic
contact
hc,el =
2
pi
ht,el (3.33)
the total elastic displacement, ht,el, is therefore given as:
ht,el =
pi
2
hc,el =
pi
(
−hp +
√
h2p +
8
pi
F
tanα ·Er
)
4
(3.34)
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With these expressions, all elastic and total displacements can be calculated
for any given force at any given time. The rate of change with time can then
be calculated using Equation 3.27 and hence the value for in the next time
step can be found and therefore the entire experiment can be simulated. A
series of simulations is carried out using the materials parameters shown in
Table 3.4.
Table 3.4: Materials parameters used to simulate hardness change with
time.
Parameters Values
Hardness H = 10− 38 GPa
Young’s Modulus E = 100− 1000 GPa
Poisson’s ratio ε = 0.15
For the strain rate sensitivity, Hs, values between 1% and 10% of H were
considered. Experiments were simulated for a loading time of 2 to 1000 sec-
onds and dwell time at the maximum load was taken to be 60 seconds.
3.4.4 Strain Rate Derivation
Figure 3.6 illustrates a typical result for the different displacements versus
time obtained by finite difference simulation. During loading both the elas-
tic and the plastic displacement increases (Figure 3.6(a)), whereas during
the hold at maximum load, the plastic displacement continues to increase
but the total elastic displacement decreases (Figure 3.6(b)). Hence, the re-
lationship between plastic strain rate and total strain rate is different during
loading and holding at maximum load. The resulting trends from simula-
tions in Figure 3.7 show that the ratio of toal strain rate to plastic strain
rate increases with H/E whereas it decreases with H/E during dwelling at
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maximum load.
For proportional loading ( 1F
dF
dt constant), it can be shown that the ratio of
strain rates is equivalent to the ratio of ht to hp and an analytical expression
for this ratio is:
εt
εp
=
ht
hp
=
Er
HL
+ (pi + 2) tanα
Er
HL
− 2 tanα (3.35)
where HL is the measured hardness during loading. For constant rate load-
ing, good agreement could be obtained for a wide range of parameters, if
the average measured hardness during loading is decreased by a×Hs and a
is a factor which depends on the extent of the data included in calculating
the average strain rate and hardness. If the data included in the average
is the data from 50% of the maximum load onwards, a = 1.53. Hence, de-
termining the plastic strain rate for constant loading rate data needs to be
an iterative process as knowledge of Hs is needed. However, typically one
iteration suffices. Therefore proportional loading is slightly more convenient
but both methods can be used. For the unloading, the data converged when
plotted against HD/Er with HD the average hardness during the dwell. The
trend could be fitted by:
εt
εp
=
1
1 + 10.54148
(
HD
Er
)
+ 25.83252
(
HD
Er
)2 (3.36)
Hence, to obtain the properties against the plastic strain rate, the strain
rates calculated during loading need to be reduced whereas the strain rates
calculated during the dwell at maximum load need to be increased. It
is worth stressing that these findings will have almost no influence on the
determination of the strain rate dependence of the hardness of many metals,
as for low values of H/Er, the total strain rate is nearly equal to the plastic
strain rate and there is little difference between the values obtained during
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Figure 3.6: (a) Displacement versus time for proportional loading
(0.625 s−1) of a material with H0 = 10 GPa, Hs = 0.1 GPa,
E = 100 GPa and ν = 0.15. The maximum load was maintained
for 60 s after the end of loading. (b) Detail of the variation of
the elastic and plastic components of the displacement with time
during the dwell at maximum load.
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Figure 3.7: Ratio of the total to the plastic strain rate during either load-
ing or during dwelling at maximum load as a function of the
hardness(average loading hardness HL) to reduced modulus, Er
(a = 0 for proportional loading and a = 1.52 for constant load-
ing rate when only data above 50% of the maximum load is
included.
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loading or dwelling.
3.4.5 Hardness to Flow Stress Conversion
The hardness values as a function of strain rate can then be converted
into flow stress values as a function of strain rate using the generalised
relationship between hardness, H, and uni-axial yield strength, Y , derived
by Vandeperre et al. [65] by modifying the expanding cavity solution of
Hill [66]:
H
Y
=
2
3
{
1 +
3
3− 6λ ln
(
(3 + 2µ) · (2λ · (1− ζ)− 1)
(2λµ− 3µ− 6λ) · ξ
)}
(3.37)
with
ξ =
Er
Er − 2H tanα (3.38)
λ =
(1− 2ν)Y
E
(3.39)
µ =
(1 + ν)Y
E
(3.40)
where E is the Young’s modulus, Er is the reduced modulus, ν is the Pois-
son’s ratio, and α the included equivalent semi-angle of the indenter. Uni-
axial yield stress values were converted into shear flow stress by dividing by
2, consistent with the Tresca yield criterion used in deriving the expanding
cavity solution. Where H/Y > 3, H/Y = 3 was used.
3.4.6 Nano-indentation Schedule for Near Room
Temperature Hardness
Indentation experiments were carried out at 4 temperatures between 273 K
and 573 K using Nanotest Platform 2 (Micromaterials Ltd., Wrexham, UK),
see Figure 3.8. For these experiments, a dual heater arrangement was used,
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where a miniature heater was attached to the diamond Berkovich tip and a
separate heater was used to heat the specimen. This type of arrangement
ensures that the indenter and the test sample are at the same temperature
and reduces the amount of thermal drift in the measured indentation depth
signal.
Figure 3.8: Schematic setup of a the nano-indentation equipment Nanotest
Platform 2: (a)the loading system, (b)detail of the temperature
control system
Thermal drift measurements were made pre- and post-indentation cycles
by monitoring the change in depth signal at miniscule constant load over 60
seconds. The indentation schedule, at 295, 373, 473 and 573 K, consisted of
the following sequence: the thermal stability of the capacitive displacement
sensor was measured for 60 seconds before the experiment, followed by a
60 seconds thermalisation period. Then the indentation load was increased
at a fixed rate to a predetermined maximum value of 50 mN, 100 mN and
200 mN, so that the maximum load was reached at three different rates for
each load, in 4, 20 or 100 s, respectively. This enabled us to capture the
indentation hardness data at three different strain rates measured at the
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end of loading section for these materials. The load was kept constant for
60 s before unloading at the same rate as during loading. An advantage of
performing an indentation experiment consisting of a loading stage and a
constant-load dwell stage is that this type of test captures a wide range of
strain rates, ranging from 0.1 s−1 to 10−2 s−1 for loading stage and 10−3 to
10−5 s−1 during constant-load dwell stage. The measured drift of the sensor
was typically 0.02 nm s−1 at room temperature, 0.1 nm s−1 for 373 K and
0.2 nm s−1 at 573 K. It must be stressed that it is crucial that the indenter
and sample have both reached stable temperatures when the experiments
are started as otherwise thermal drift can be much higher and high enough
to render any data collected unusable.
3.5 High Temperature Mutual Indentation
3.5.1 High Temperature Mutual Indentation in Dilatometer
Wedge shape samples of 5 mm x 5 mm x 3 mm, wedge angle 120 ◦, as shown
in Figure 3.9, were cut from a hot-pressed ZrB2 disc by electron discharge
machining. The wedge samples were then mounted by wax to a shaped
aluminium block in order to grind and polish multiple samples’ surfaces to
4000 grid level. The samples were then cleaned ultrasonically in hot ethanol
for 20 mins to detach them from the holder and clean off the wax.
The indentation experiments were carried out in a horizontal pushrod
dilatometer [NETZSCH DIL 402 E/7 Pyro] with graphite tube shown schemat-
ically in Figure 3.10. The pushrod exacts a fixed force, which is controlled
by a spring. This force was calibrated carefully as will be explained below.
For each test, the pushrod was adjusted against the sample pair to bal-
anced force. Then the chamber and furnace were evacuated and refilled with
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Figure 3.9: Schematic diagram of a mutual indentation sample, the dimen-
sion is 5 mm x 5 mm x 3 mm and the wedge angle is 120 ◦.
(a) (b) (c) (d)
Figure 3.10: Schematic setup of a cross-bar mutual indentation setup in
dilatometer: (a)pushrod, (b)sample 1, (c) sample 2 and
(d)graphite tube.
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high purity He gas three times. The dilatometer was heated to temperature
at 20◦C min−1 and isothermally held for 30 mins at desired temperatures
then cooled down to room temperature at 40 ◦C min−1. The displacement
and temperature change was recorded continuously.
A Gemini LEO1525 FEGSEM was used to study the indented samples.
Surface chemistry was analysed by Energy-dispersive X-ray Spectroscopy
(EDS). The area of the indents was measured with ImageJ R© and hardness
results were calculated by
H =
F
A
(3.41)
where H is the hardness, F is the push rod force and A is the measured
projected indent area.
Focused Ion Beam (FIB) micromachining was used to prepare TEM sam-
ples from the plastic zone of mutual-indentations made in the ZrB2 samples
at 1273 K, 1373 K and 1773 K-2273 K (every 100 K).
3.5.2 Calibration of the Force Applied by the Push Rod
To determine the force exerted by the push-rod, a calibration was carried out
by allowing a Berkovich diamond indenter to indent a polished aluminium
sample by the balanced push-rod in the dilatometer (see Figure 3.11(b))
and comparing the area of the imprints with a separately obtained cali-
bration of the variation of the area of the imprint with applied load. The
latter was obtained using the micro-head of an instrumented nano-indenter
(Nanotest Platform 2, Micro Materials Ltd, United Kingdom). A series of
indentions were carried from 600 mN to 4000 mN, 5 indents at each load,
see Figure 3.11(a).
The areas of the marks were measured in ImageJ R© and plotted for pushrod
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	Figure 3.11: (a) 600 mN indentation marks made with diamond Berkovich
indenter in a pure aluminium sample; (b) indentation mark of
the same indenter and aluminium sample in the dilatometer
with graphite set.
force calibration. Figure 3.12 shows the calibration line of the area of the
indents versus load obtained by the nanoindenter. From this calibration
line, the hardness of the aluminium is estimated to be 1.33 ± 0.06 GPa,
which agrees with typical values obtained for the small scale hardness of Al
reported by Tsui et al. [67]. Also shown in Figure 3.12 is that the aver-
age area and the 99% confidence band for 10 imprints formed by allowing
the pushrod to press the same indenter into the same aluminium sample.
From this load exerted by the spring is determined with 99% certainty to be
within the range of 1177 mN to 1847 mN, with a best estimate of 1498 mN.
The latter value was used to determine the hardness in further experiments.
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Figure 3.12: Linear regression and 99% confidence band for the area of in-
dents versus load for a Berkovich diamond indenter pressed
against aluminium as well as the average and 99% confidence
bands for the area of the indents made by allowing the spring
of the pushrod to indent the Al.
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4 Processing and Microstructures
4.1 Introduction
The overall aim of this chapter is to study the densification behaviour,
the role of sintering additives, and the resulting microstructure of ZrB2, in
order to design processing methods to sinter ZrB2 samples for mechanical
measurements.
Due to the covalent bonding nature, which causes low volume and grain
boundary diffusion rates, ZrB2-based materials are difficult to sinter to full
density. As described in the literature review, a wide range of additions
and densification methods have been studied. In this work a choice was
made to focus on pressureless sintering as this method is more suited to
produce the complex shapes needed in application. Since B4C and carbon
additions allow high densities to be achieved, it was decided to focus on this
system. However the role and drawback of these additives have not been
extensively studied. B4C and carbon are commonly used to remove the sur-
face oxides to help densification [39]. But residual B4C in the material will
oxidise to B2O3 at elevated temperatures, which will evaporate and produce
voids in the sample which leads to poor properties. Carbon plays a similar
role as B4C to aid sintering, but literature data suggests that using carbon
alone only achieves 95% relative density [36]. Beside the additives and their
53
composition, the pyrolysis and sintering temperatures and schedule are also
very important for densification. It is crucial to control and limit oxidation
during pyrolysis.
Therefore this chapter is divided into three parts. First the as-received
powders were analysed and sets of experiments were carried out to optimise
the sintering conditions, in order to produce near-full density samples for
further study. The second part of this chapter is to study the microstruc-
tures of the sintered samples, as this has a crucial impact on their mechan-
ical properties. Finally the roles of sintering additives are discussed with
reference to the microstructures.
4.2 Powder Analysis
SEM images of the as-received powders are shown in Figure 4.1. The ZrB2
particles have a size range from sub-micron to several micrometres, which
confirms the data provided by the manufacturer. There is not much agglom-
eration occurring in the powder. The measurements of the average particle
sizes, see Figure 4.2, confirmed that the as-received ZrB2 indeed has an av-
erage particle size of 2.7 µm. This was reduced to about 1 µm after one day
of ball milling. This indicates that initially the ball-milling process helps to
break the agglomerates and/or break the particles to smaller sizes. Since
further milling did not give any further reductions in size, 24 hrs of ball
milling was used for all future work.
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Figure 4.1: SEM images of ZrB2 as-received powder.
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Figure 4.2: Average particle size of ZrB2 versus ball milling time.
55
Table 4.1: The sample names and material compositions of initial pressure-
less sintering trials.
Name Materials
Z0B0C ZrB2
Z2B0C ZrB2-2wt%B4C
Z2B0.5C ZrB2-2wt%B4C+0.5wt%C
Z2B1C ZrB2-2wt%B4C+1wt%C
Z2B1.5C ZrB2-2wt%B4C+1.5wt%C
4.3 Initial Pressureless Sintering
4.3.1 Powder Pressing
In order to optimise producing the green bodies for sintering, different press-
ing conditions (see Section 3.1 for details) were tested and the results are
shown in Figure 4.3. Different compositions of monolithic ZrB2 samples are
listed in Table 4.1. The relative density of the samples with little or with-
out resin (Z0B0C, Z2B0C and Z2B0.5C compacts) reached only about 56%
after uniaxial pressing at 200 MPa. Higher pressures caused end-capping in
the sample. End-capping is a clear indication of over-pressing. When parti-
cle re-arrangements end, increasing the pressure only leads to larger elastic
strain, which results in a cone fracture when the sample is ejected from the
die. The difference between machine test results and uni-axial pressing is
possibly because there was an additional holding time of 30 s for uni-axial
pressing. This allowed the powder more time to move further and fill in the
pores and increase the density.
By adding resin as an additive (Z2B1C and Z2B1.5C), pellets could be
pressed up to 350 MPa without end-capping, reaching approximately 60%
relative density. The pellets can even be pressed up to 64% relative density
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Figure 4.3: Pressing behaviours of pure ZrB2 and ZrB2-2wt% B4C-1wt% C
in compressing machine and uni-axially pressing
at 1100 MPa and still maintain structural integrity. This is because the
resin acted as a lubricant during pressing where it helps the particles to
move around, minimising the pores formed by large agglomerates. The resin
also helped to lubricate the compact when it is taken out of the die. The
resin may also act as a binder holding the particles together after pressing.
However, as seen in Figure 4.4, Z2B0.5C showed end capping during the
sintering. This indicated there was high residual stress build in the sample
during excessive pressure used in the uniaxial pressing to prepare the pellets.
Therefore, 30 MPa uni-axial pressing followed by 300 MPa cold iso-static
pressing (CIP) was employed to prepare the pellets for sintering as isostatic
pressing does not lead to the same level of residual stress.
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Figure 4.4: Picture of ZrB2-2 wt%B4C-0.5 wt%C pressurlessly sintered at
2000 ◦C after uniaxial press of 1100 MPa at room temperature.
4.3.2 Pressureless Sintering of ZrB2 and ZrB2-SiC
Composites
Initial sintering trials were conducted with pyrolysis at 700 ◦C for 2 hrs
followed by sintering at temperatures in the range of 1850-2000 ◦C. The
composition of monolithic ZrB2 samples is given in a notation, see Table 4.1.
The X-ray patterns of sintered sample and the as-received ZrB2 powder are
shown in Figure 4.5. The sintered sample showed good crystallinity as all
the diffraction peaks are sharp. The absence of any peaks attributed to ZrO2
or B2O3 suggest only limited oxidation has occurred. The relative densities
of sintered specimens are plotted as a function of sintering temperatures
in Figure 4.6 and selected microstructures are shown in Figure 4.7. The
relative density of pure ZrB2 reached approximately 62% after sintering at
1850 ◦C but no further densification occurred for sintering up to 2000 ◦C.
Examination of fracture surfaces of these partially sintered samples revealed
the grain size to be 2-5 microns (Figure 4.7(a)(b)). The combination of
density and grain size indicates that the ZrB2 particles coarsened without
significant densification.
It is noticeable that B4C addition alone (Z2B0C) enhances ZrB2 densifi-
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Figure 4.5: X-ray patterns of (a)sintered ZrB2 and (b)ZrB2 powder
Figure 4.6: The relative densities of pressureless sintered specimens at tem-
peratures between 1850-2000 ◦C.
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Figure 4.7: Microstructures of pressureless sintered specimens at tem-
peratures between 1850-2000 ◦C: (a)(b)Z0B0C, (c)(d)Z2B0C,
(e)(f)Z2B1C.
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cation from 70% at 1925 ◦C reaching 87% at 2000 ◦C. Adding carbon as an
additive did not improve the density at high temperature, although carbon
aids the densification at lower temperatures. The highest relative density
92% was achieved with 2 wt% B4C and 1.5 wt% carbon sintering at 2000
◦C
for 2 hrs.
As shown in Figure 4.8, ZrB2-20 vol% SiC composites achieved 95% rela-
tive density with 4 wt% B4C and 1.5 wt% carbon as sintering additives. This
supports the theory put forward by Hilmas and Fahrenholtz that the sur-
face oxide impurities in the form of B2O3 and ZrO2 inhibit the densification
by promoting coarsening through evaporation-condensation at intermedi-
ate temperatures, and that B4C and carbon can help remove the surface
oxygen contaminations. The possible processes by which these two sinter-
ing additives reduce the oxide impurities can be described by the following
reactions:
7ZrO2 + 5B4C −→ 7ZrB2 + 5CO(g) + 3B2O3(l)
2ZrO2 +B4C + 3C −→ 2ZrB2 + 4CO(g)
ZrO2 +B2O3 + 5C −→ ZrB2 + 5CO(g)
However, the densities achieved here are lower than what has been re-
ported for the same ZrB2 powder: according to Fahrenholtz et al. this
powder should sinter to near full density (>99%) with 2 wt% B4C and
1 wt% carbon at 1900◦C [38].
Since the microstructures contained what appeared to be small crystallites
embedded in glassy phases underneath particles broken out during polish-
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Figure 4.8: Microstructures of ZrB2-20 vol%SiC-4 wt%B4-1.5 wt%C, pyrol-
ysed at 700 ◦C, and pressurelessly sintered at 2000 ◦C.
ing, see Figure 4.9 and Figure 4.8, thermogravimetric analysis(TGA) was
carried out to determine whether oxidation occurs during the charring of the
resin. Although the TGA experiment was carried out in a flowing Ar gas
environment, it is clear from the increase in mass shown in Figure 4.10, that
ZrB2 starts to oxidise from approximately 550
◦C and B4C oxidises from as
low as 400 ◦C onwards. Only SiC does not gain weight below 700 ◦C.
To investigate this further, different weights of the same sample were
tested to examine the effect of oxygen present in the argon. The result is
shown in Figure 4.11. Since the absolute mass change is independent of
the amount of B4C present, the mass change is limited by the amount of
oxygen present suggesting the amount of oxygen in the Ar is sufficient to
cause oxidation as low as 450 ◦C. Therefore, for the quality of the argon
gas used for the charring furnace, the charring temperature of the mixed
powders needed to be limited to be 400 ◦C to avoid oxidation of the powders.
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Figure 4.9: Microstructures of ZrB2-2 wt%B4C-1.5 wt%C: (a) overall mi-
crostructure, (b) zoom-in micrograph showing glassy phases in
the microstructure.
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Figure 4.10: Thermogravimetric analysis of ZrB2, B4C and SiC powders,
heating rate is 1 ◦C min−1 up to 700 ◦C.
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Figure 4.11: Thermogravimetric analysis of B4C powders of different
weights, heating rate is 1 ◦C min−1 up to 700 ◦C.
4.4 Modified Pressureless Sintering
Indeed, lowering the pyrolysis temperature to 400 ◦C to reduce oxidation,
led to near-full density (>99% RD) for monolithic ZrB2-1wt% C and ZrB2-
20vol% SiC-2wt% B4C-1wt% C composite, sintered at 2000
◦C for 2 hrs. As
shown in Figure 4.12, the monolithic ZrB2 was sintered to near-full density
with 10-20 µm grain size with small amount of B4C found in the microstruc-
ture. The microstructure of the composite consists of three distinct phases,
which are well distributed throughout the sample. The ZrB2 grains are 4
to 6 µm, while the B4C grains range from submicron to 10±2 µm. The
SiC particles have become elongated with an aspect ratio close to 3 to 1
(approximately 1-3 µm wide, 5-15 µm long). This agrees with the work
of Zhang et al. [39], who observed that the morphology of SiC grains in
ZrB2-SiC ceramics varies from equi-axed to whisker-like depending on the
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initial size of the SiC particles. The aspect ratios of SiC grains in their
work were 1.05, 1.75, and 3.05 for starting particle sizes of 1.45, 1.05, and
0.45 µm respectively and this variation was attributed to smaller particles
being able to form an interconnected network between the ZrB2 grains more
easily, whereas large SiC particles remain more individually distributed.
20µm
10µm
Figure 4.12: SEM images of ZrB2 and ZrB2-20vol% SiC-2wt% B4C-1wt% C
pressurelessly sintered at 2000 ◦C with a pyrolysis temperature
of 400 ◦C.
Comparation of Figure 4.12 with Figure 4.8 also shows that the lower
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pyrlysis temperature results in the glassy phase to be absent, confirming
that the poor densification and poor microstructure were the result of oxi-
dation of ZrB2 and B4C during pyrolysis. Hence, provided oxidation of the
raw material is avoided, the results presented here confirm that high den-
sity ZrB2-based materials can be produced by pressureless sintering with
addition of boron carbide and carbon.
4.5 Roles of Sintering Additives B4C and Carbon
Having established that the charring procedure invalidated the observations,
the investigation of the effect of the addition was repeated but with a lower
charring temperature of 400 ◦C. Table 4.2 shows the relative density of the
samples after pyrolysis at 400 ◦C and sintering at 2000 ◦C.
Table 4.2: Relative density of samples after pyrolysis at 400 ◦C and sintering
at 2000 ◦C for 2 hrs.
Samples Relative Density (%)
ZrB2-1 wt%C 98
ZrB2-1 wt%B4C-1wt%C 99.9
ZrB2-2 wt%B4C-1wt%C 99.9
ZrB2-20 vol%SiC 97
ZrB2-20 vol%SiC-1 wt%C 99.9
ZrB2-20 vol%SiC-1 wt%B4C-1 wt%C 99.9
ZrB2-20 vol%SiC-2 wt%B4C-1 wt%C 99.9
For pure ZrB2, near full density was achieved when sintered with both
B4C and carbon as sintering additives, at 2000
◦C for 2 hrs. However
with carbon alone ZrB2 can also be sintered to 98% relative density. The
composite ZrB2-20 vol%SiC achieved 99.9% relative density with 1 wt%
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carbon as sintering additive, compared to ZrB2-SiC alone only reached 97%
relative density. This indicates carbon alone can also act as sintering aid by
removing surface oxygen contaminations. The possible process of carbon to
reduce the oxide impurities can be described by the following reaction:
ZrO2 +B2O3(l) + 5C −→ ZrB2 + 5CO(g)
Microstructures of samples with carbon as the only sintering additive are
shown in Figure 4.13. Note that B4C particles were also found in all the
sintered sample. This suggests possible excessive B2O3 and carbon in the
samples which forms B4C in the final microstructure. B4C was also found
in the composite ZrB2-20 vol%SiC.
Another thing to notice is how the different addition affects the grain
size. The pure ZrB2 with 1 wt% carbon has largest grain size (15-30 µm),
while having 2-5 µm B4C grains. For comparison ZrB2 grains in the sample
with both B4C and carbon as sintering additives only have 10-20 µm grains.
This agrees with the theory that the second phase B4C should restrain the
grain growth of ZrB2 by Hilmas and Fahrenholtz [7]. The composite ZrB2-
20 vol%SiC sample also shows the same trend, with the grain size decreasing
with increasing amount of sintering additives.
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Figure 4.13: SEM images of pressureless sintered ZrB2 samples with differ-
ent sintering additives, (a) ZrB2-1wt%C, (b) ZrB2-20vol%SiC-
1wt%C, (c) ZrB2-20 vol%SiC-2wt%B4C-1wt%C.
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4.6 Conclusion
In agreement with claims in the literature, pressureless sintering of ZrB2-
based materials with addition of B4C and carbon yields fully dense ma-
terials. To achieve such high densities, oxidation of the powders during
processing must be limited as much as possible. Where charring is carried
out ex-situ, i.e. in a different furnace, it is advisable to limit the charring
temperature to 400 ◦C to avoid oxidation of the boron carbide.
B4C and carbon are effective as sintering additive by removing surface
oxygen contaminations. To minimize the amount of B4C in the final mate-
rial, as B4C may reduce the high temperature mechanical properties, carbon
alone can be used as a sintering additive. However, boron carbide still forms
in the final microstructure, with or without boron carbide as sintering ad-
ditive. It is assumed that this is due to excess boron in the ZrB2 powder.
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5 Study of Near Room
Temperature Plasticity
5.1 Introduction
Despite the intention of using this material at very high temperatures (>2273 K),
most reports on mechanical properties have been room temperature mea-
surements, with only very few results obtained at moderate to high tem-
peratures. As reviewed in Section 2.2.3, literature data shows ZrB2 suffer a
sharp decrease in hardness with increasing temperature. The rapid decrease
in hardness is possibly the result of the relative small activation energy for
lattice controlled dislocation flow, so that thermal activation has strong in-
fluence, as discussed extensively in Ashby’s work [68]. Hence, dislocation
flow could be important at more elevated temperatures. This is supported
by the observations in Hu’s work that some ZrB2-based composites behaved
plastically rather than brittle during three point bending tests at 2073 K [69]
and Haggerty and Lee’s finding that ZrB2 showed 10% plastic strain during
compression testing at 2400 K [70]).
Indentation techniques are primarily used to measure hardness of materi-
als, but can be used to study other mechanical properties such as toughness
and yield strength [71, 72]. With the advent of depth-sensing indentation
equipment, which records the load and depth during indentation, it is now
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also possible to investigate the time dependence of the hardness and there-
fore the strain rate sensitivity. Given that for ceramic materials, the resis-
tance to plastic flow at low temperature can be expected to be dominated by
the lattice resistance or Peierls stress, the measured strain rate sensitivity
should be that of dislocation glide controlled by the lattice resistance.
Therefore, the aim of this chapter is to obtain estimates for the con-
stitutive parameters for lattice resistance controlled dislocation flow from
measurements of the strain rate sensitivity and temperature dependence of
the hardness of ZrB2. At the same time, due to the small indent area,
hardness of different phases of the composite can be measured and will be
reported in this chapter.
5.2 Nano-indentation of ZrB2 and ZrB2-SiC
Composites
5.2.1 Indentation Studies
Nanoinentation was carried out on the sintered near-full density monolithic
ZrB2 and ZrB2-SiC composites. The detailed composition and sintering
information is shown in Table 5.1. One advantage of this technique is that as
the indentation is made with very low load (25-400 mN), the indents become
so small that many were entirely contained inside a single grain making up
the microstructure. Therefore the effect of porosity of the sample can be
minimised. Moreover the indentations that are located on the pores can be
identified with SEM and hence be excluded when analysing the results. And
the hardness data could be separated into values for the composing phases
of the microstructure. Also with the benefit of observing the tested surface
under SEM (as shown in Figure 5.1(a)), each indentation can be matched
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particular phases (ZrB2, SiC and B4C) so that the hardness of each phase
can be determined.
Table 5.1: Composition, densification conditions and relative densities of
samples used for nano-indentation measurements.
Materials Sintering conditions Relative Density
ZrB2-1wt%C PS/2000
◦C/2hrs >99%
ZrB2-20vol%SiC-2wt%B4C-1wt%C PS/2000
◦C/2hrs 100%
(a) 50 mN (b) 400 mN
Figure 5.1: SEM image of indent marks in ZrB2-SiC composite: (a) a 25 mN
indent located entirely in the ZrB2 of ZrB2-SiC composite; (b) a
400 mN indent covering a ZrB2 grain and a SiC grain, showing
cracking around it.
As shown in Figure 5.2, the hardness results of monolithic ZrB2 was
measured to be 20-22 GPa at load up to 100 mN. This is comparable to
reported HP and SPS samples reported in the literature [7]. The higher
hardness at the lower load of 25 mN is possibly attributed to two reasons.
First possible cause is that at lower loads the indent is mostly located in
the ZrB2 grains (like in Figure 5.1(a)), the influence from the pores in the
sample is minimum, whereas at higher loads, there is more chance there
is pores covered by the indent or underneath it which will compromise the
72
hardness. The second cause is that at lower load there is absence of cracking,
whereas at higher loads cracks form, as shown in Figure 5.1(b).
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Figure 5.2: Hardness of ZrB2 at different applied load, measured with nano-
indentation
Figure 5.3 illustrates that using this procedure the hardness of B4C, SiC
and ZrB2 is estimated as 33±1 GPa, 27±2 GPa and 21±2 GPa respectively.
The latter agrees very well with the value obtained from the ZrB2 monolithic
sample, thereby confirming the interpretation that the constant hardness at
low loads is due to the resistance to plastic deformation of the material being
indented alone. Reported hardness values for hot pressed B4C vary between
29 and 46 GPa [73], for dense SiC the reported hardness varies between 30
to 36 GPa [74–76] and hence the values estimated for the component phases
are somewhat low. The fact that the hardness did not vary with load for
SiC suggests that this is not a consequence of the softer ZrB2 matrix.
Rather it is thought that the SiC and B4C phases might contain small-
scale porosity. The size of the SiC and B4C particles in the microstructure
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Figure 5.3: Hardness of different phases in ZrB2 composites, measured with
nano-indentation at different loads.
is much larger than the size of the starting powders, and they can therefore
not have formed from single powder particles. Since full densification of
B4C and SiC at 2000
◦C requires hot pressing or liquid phase sintering. It
is very likely that the SiC and B4C might contain some residual porosity.
Since these pores would be much finer than the pores between the ZrB2
grains, the effect on the hardness will be noticeable at even the lowest loads.
From 200 mN onwards, the marks are large enough to cover second ZrB2
grain and/or one or two other phases. The hardness measurements therefore
merge into a composite value.
5.2.2 Temperature Dependence
The results of the hardness measurements of monolithic ZrB2 and ZrB2-
SiC composite (see Table 5.1) are plotted in Figure 5.4 and Figure 5.5
respectively, as a function of the applied load at different temperatures
(293-573 K). For both materials, the measured hardness results shows de-
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pendence on load. The monolithic ZrB2 shows measured hardness 22 GPa
at 50 mN load and decreases gradually towards 19 GPa for higher loads.
A similar variation was obtained at higher temperatures up to 573 K. The
possible cause has been discussed in the previous section. The fact that the
composite shows higher hardness at all applied loads and temperatures is
attributed to the composite effect that the measurements in SiC and B4C
producing higher hardness and hence lifted the overall average hardness. To
avoid the problem that small indentation in composite materials might not
yield data specific for ZrB2, further tests were carried out on the monolithic
sample in Table 5.1, and the data obtained from 50 mN indents was used.
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Figure 5.4: Hardness of monolithic ZrB2 as a function of applied load, mea-
sured with nano-indentation at different temperatures.
Figure 5.6 compares the temperature dependence of the hardness mea-
sured here with the literature results. It is clear that the results obtained
here agree broadly with literature results: at room temperature hardness of
the composite is 23 GPa and the hardness drops to 13 GPa at 573 K.
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Figure 5.5: Hardness of ZrB2-SiC composites as a function of applied load,
measured with nano-indentation at different temperatures.
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Figure 5.6: Hardness of monolithic ZrB2 and ZrB2-SiC composites measured
with nano-indentation at different temperatures, compared with
literature results [58–60].
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5.2.3 Plasticity Parameters Analysis
Figure 5.7 shows the hardness versus plastic and total strain rates at differ-
ent temperatures. The data points show the average for each of the strain
rate ranges (three on the right defined by the loading rate, one on the left
defined by the self-equilibration during a dwell at maximum load). The
plot demonstrates that the change in strain rate upon converting between
total and plastic strain rates is limited. Moreover as illustrated in Table 5.2,
the strain rate sensitivity based on the loading data alone is not changed
significantly whether it is calculated from total or plastic strain rate. The
difference is typically less than 1% with a maximum difference observed of
6%. However, the small changes are sufficient to cause a noticeable change
in the strain rate sensitivity when data from both loading and dwell exper-
iments are used together. Figure 5.7 also illustrates that the corrections
needed diminish as temperature, T , increases. This is due to the fact that
H/Er decreases with increasing temperature, i.e. the plastic strain rate
tends to the total strain rate.
Table 5.2: Value of Hs(GPa) in H = H0 +Hs ln ε˙, obtained by either fitting
the data collected during loading alone or by including the data
obtained from the dwell at maximum load using either the total
strain rate or the plastic strain rate.
Total Strain Rate Plastic Strain Rate
Sample Loading Loading+Dwell Loading Loading+Dwell
ZrB2-295 K 0.74 0.54 0.75 0.67
ZrB2-373 K 0.71 0.69 0.72 0.81
ZrB2-473 K 1.08 0.72 1.11 0.84
ZrB2-573 K 0.61 0.61 0.62 0.68
Figure 5.8 shows the average shear stress versus plastic strain rate for four
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Figure 5.7: Hardness versus total or plastic strain rate for ZrB2 as measured
for temperatures from 295 to 573 K.
different temperatures as determined from the hardness data. To calculate
constitutive data for lattice resistance dominated plastic flow from he ex-
perimental results for ZrB2, Equation 3.19 is used. The variation of shear
flow stress with strain rate (Figure 5.8) results in a linear relationship with
slope kT/V . The measured apparent activation volume is 3.93 × 10−9 m3,
i.e. 1.24× b3, assuming Burger’s vector b = a, see below.
To compare the estimate with established values, activation volumes, V ,
were calculated from the activation energy, Q, and the Peierls stress, τp,
values reported by Ashby and Frost [68] using the assumption that the
activation volume, the activation energy and the Peierls stress can be related
through Q = τp×V . The results are listed in Table 5.3. This confirms that
our nano-indentation data gives results consistent with other indentation
experiments.
78
Figure 5.8: Shear flow stress versus plastic strain rate for ZrB2 for temper-
atures from 295 to 573 K.
The Burgers vector, b , was assumed to be any of the a-vectors of the
hexagonal crystal in line with reports on slip in ZrB2 [70, 77]. Variation of
flow stress with temperature at constant strain rate, provides the Peierls
stress estimate to be 6.6±0.7 GPa, and assuming the attempt frequency
to be of the order of 1011 s−1, following Frost and Ashby [68], the mobile
dislocation density is estimated as a range from 2×1014 m−2 to 1×1018 m−2.
The large uncertainty on this estimate indicates that it is difficult to give
any real physical meaning to it and perhaps it should be considered as an
adjustable parameter. The activation energy Q = τp ·V is estimated to be
2.56± 1.6× 10−19 J, or 1.61± 1.0 eV.
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Table 5.3: Burger’s vector, b, activation energy, Q, and Peierls stress τp for
a range of ceramics taken from literature by Ashby and Frost, as
well as the activation volume calculated from Q/τp.
Materials Burger’s Vector (nm) Activation Energy (J) Peierls Stress (GPa) Activation Volume (b3)
MgO 0.298 2.67E-19 4.41 2.29
ZrC 0.334 3.22E-19 6.92 1.25
TiC 0.305 2.74E-19 10.04 0.96
Si 0.383 7.16E-19 4.46 2.86
Ge 0.399 6.61E-19 3.12 3.33
UO2 0.387 4.35E-19 1.88 4.00
5.3 TEM Study of The Active Slip Systems
Monolithic ZrB2 and ZrB2-SiC composite samples were indented at 300
◦C
with 50 mN with nanoindenter and cross-sectional TEM specimens were
extracted with the aid of a focus ion beam(FIB) workstation. Samples were
taken from the indent area to investigate the deformation mechanism.
Figure 5.9 shows a bright field image at [2110] zone axis, revealing high
density of dislocations clusters within the deformed ZrB2 grain underneath
the indentation. In order to observe the distance how far the dislocation
goes, the sample was prepared from the middle of the indent. The dislo-
cations density shows a gradient with higher density under the indent and
decreases as the distance from the center of the indent increases.
Detailed images underneath the indent and further below are shown in
Figure 5.10. Figure 5.10(a) shows a crack under the indent, which suggests
ZrB2 is still brittle at such temperature. Figure 5.10(b) shows the disloca-
tion tangles in the ZrB2 grain. There are mainly two bands of dislocations,
one type is arrays of vertical dislocations, and another type is forming hor-
izontal tangles or looped shapes, with an orientation of approximately 90◦
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01-10
Figure 5.9: Transmission electron image of a cross-section of an 50 mN in-
dent made in ZrB2 at 300
◦C. The zone axis is [2110].
to the vertical ones. Such orientation and the relative directions with the
diffraction pattern indicated slips on prismatic and basal planes in ZrB2
during mechanical deformation.
0.2µm0.2µm
(a) (b)
Figure 5.10: TEM image of cross-section underneath the indent: (a)showing
the crack under the indent, (b) showing the dislocation tangles.
The zone axis is [2110].
To confirm the nature of the dislocations, these dislocations were imaged
in two-beam conditions with (0111) plane which is shown in Figure 5.11.
Here only the edge dislocation scenario is considered. Since the dislocations
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are visible at the [2110] zone axis, their Burger’s vector cannot be parallel to
this direction, otherwise they should be invisible. Therefore one set of the
three a-direction dislocations should be invisible, which leaves two other a-
direction dislocations. When imaging from (0111), as shown in Figure 5.11,
one set of dislocations(A, B, C, D) was out of contrast, suggesting another
set of a-direction dislocations. This can therefore confirm the a-direction
Burger’s vectors. However, the identification of c-direction dislocations is
difficult. This is due to the fact that the vertical dislocations are more in
the clusters under the indent and in this area strong bend contours during
tilting and make identification difficult.
0.2µm
0001
01-11
01-10
A
B
C
D
Figure 5.11: Dislocation contrast experiment to confirm the Burger’s vectors
of dislocations: (a)DF image of (0111), (b)BF image of incident
beam, the zone axis is [2110].
For the ZrB2-SiC composite, a bright field TEM image and the diffraction
pattern at zone axis [2110] of the cross-section of a 300 ◦C 50 mN indent is
also shown in Figure 5.12. It shows a large area of dense dislocation activity
and clustering within the deformed grain. Similar as previous ZrB2 sample,
the indent in a ZrB2 grain activates dislocations mainly in two planes, which
form an angle of 90◦. As indicated in the insert, the traces are consistent
with slip activity on the {0001} or basal and the {0110} or prismatic planes.
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Identification of the dislocations failed due to the thickness of the specimen
that when tilting the sample it is to thick to recognise the dislocations.
2µm 0,0,0,0
0,1,-1,0
0,0,0,1
0,1,-1,1
SiC
ZrB2
ZrB2
ZrB2
Figure 5.12: TEM image of a cross-section of an indent made in a ZrB2
grain. The selected area differection pattern is from the ZrB2
grain in which the indentation was made.
Slip on the
{
0110
}
prismatic planes is consistent with the observation
of slip traces near room temperature macroscopic Knoop indents made by
Haggerty and Lee [70] and near Vicker’s indents and scratch grooves by
Ghosh et al. [77]. Slip on basal planes was also observed by Haggerty and
Lee but mainly during high temperature compression tests. Based on the
analysis of the hardness anisotropy of Knoop indentation in ZrB2, Nakano et
al. [78] suggested that slip on the prismatic planes was dominant. However,
they also concluded that substantial contributions from slip on the basal
plane were needed to explain the limited hardness anisotropy observed ex-
perimentally: 24 GPa when indenting the
{
1210
}
plane versus 20.6 GPa
when indenting the basal plane. The limited anisotropy also suggests that
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the difference in the resistance to dislocation motion on these two types
of planes is not very different. Hence, the estimates obtained above are
probably averaged values for both slip systems.
The cross section also shows that the indent depth is smaller than 10%
of the size of the ZrB2 grain in the direction of indentation. In analogy
with the rule of thumb for the hardness of thin films, where indents up
to 10-15% of the thickness of the thin film normally yield the hardness of
the film without influence of the substrate [79], it is reasonable to expect
that the hardness would be the hardness of pure ZrB2. However, Figure 3.7
show that the elongated SiC grain underneath the indentation appears to
punch into the ZrB2 grain. The deformation pattern is believed to have
resulted from a higher resistance to plastic flow of the SiC grain relative
to the surrounding ZrB2 so that the SiC grain has not deformed, while
the ZrB2 has been displaced as material was being forced to flow away
from the indenter. This means that the parameters derived here could
to some extent be influenced by the presence of the SiC and B4C. It is
unfortunately difficult to quantify this as this would require that a section be
taken underneath every indent. This confirms that amounts of other phases
could be problematic and validates the approach that to use a monolithic
ZrB2 to estimate the flow stress of ZrB2.
5.4 Conclusion
Nano-indentation was carried out on monolithic ZrB2 and ZrB2-20 vol% SiC
composite to study the strain rate and the temperature sensitivity of its
hardness. One finding is that when the load is small, the hardness of each
phase in the composite can be determined. The hardness of B4C, SiC and
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2110
Zone axis
Figure 5.13: Higher magnification TEM image showing how the SiC grain
resisted the flow while the surrounding ZrB2 material flowed
away from the indentation.
ZrB2 is estimated as 33± GPa, 27±2 GPa and 21±2 GPa respectively.
When the force is large, the hardness value reflect the composite. It was
also found that the hardness decreases with temperature, from about 23 GPa
at room temperature to 11 GPa at 573 K. Moreover, the hardness increases
with increasing rate of loading. An analysis of the strain rate in terms
of elastic and plastic strain rates were carried out to calculate the data
from loading and dwelling part of the experiments. By fitting the data
into theoretical model, the Peierls stress and activation energy for lattice
controlled dislocation flow were calculated to be 6.6 ± 0.7 GPa and 2.56 ±
1.6× 10−19 J, respectively.
TEM observations suggest that dislocation flow is activated on both the
basal and the prismatic planes with a vector consistent with literature. The
cross-sectional TEM also indicates that when studying composites, the pres-
ence of phases underneath the indentation can influence the flow and there-
fore the hardness even when indents are smaller than 10% of the grain, in
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which they are placed. It is therefore expected that better information for
the dislocation flow in ZrB2 could be obtained from large grained, single
phase materials.
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6 Study of High Temperature
Deformation
6.1 Introduction
In the previous chapter, near room temperature mechanical properties of
ZrB2 materials were investigated with nano-indentation. However, as this
class of material is proposed to be applied at a much higher service tem-
peratures (>2000◦C) [80], it is important to understand its behaviour at
such elevated temperatures. Most of the literature on mechanical proper-
ties have been room temperature measurements, with only very few results
obtained at moderate to high temperatures: the variation of the elastic
properties has been measured up to 1373 K [81]. And a range of strength
and sometimes toughness measurements have been carried at temperatures
up to 2073 K [23, 69]. Hence, there is a need to improve the understand-
ing of the mechanical behaviour of these materials at the intended service
temperatures.
As indentation experiments are normally relatively easy to carry out, they
appear attractive for high temperature testing. In addition to the value of
the hardness, analysis of indentation data can also yield information on the
flow stress and yield behaviour [45, 65, 82] or resistance to creep [83, 84].
However, very high temperature indentation is difficult. One problem is
87
that diamond tips cannot be used because diamond is susceptible to either
oxidation or graphitisation [85]. Moreover, as the temperature increases,
reactions between diamond and the material being indented become in-
creasingly more difficult to avoid. Replacing diamond with other materials
for testing hard materials is difficult as the hardness of alternatives such
as sapphire decreases rapidly with temperature [85]. Another alternative
sometimes considered is cubic boron nitride, but like diamond this material
suffers from oxidation and can react with the material being tested. To
circumvent the problem of reactions between the indenter and the mate-
rial being tested entirely, Atkins and Tabor [71, 86] developed a cross-bar
technique in which two samples of the same material are pressed together.
In such tests, the hardness is not defined as the ratio of force and area of
residual imprint but as the ratio of force and the area of mutual contact that
forms during the test. To ensure that this equilibrium area can be found in
a single test, they used either cylindrical or wedge shaped samples so that
the contact area can increase as long as the stress is high enough for the
samples to deform each other.
The aim of this chapter is therefore to use this approach to measure the
hardness of zirconium diboride at very high temperatures (between 1173 K
and 2273 K). The modified cross-bar indentation method is explained in
detail in Section 3.5. To understand how the hardness obtained in such
tests compares with other techniques, the same technique was also used
to measure the variation of the hardness of aluminium oxide in the range
1273 K to 1773 K. Aluminium oxide was selected because hardness data for
aluminium oxide obtained using high temperature indentation with diamond
tips is available in the literature [60,85,87].
Therefore this chapter consists of two parts: the alumina indentation
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results are compared with literature, and then the ZrB2 indentation results
are discussed.
6.2 Indentations in Al2O3
Figure 6.1 shows an example of the deformed contact area for Al2O3 after
heating to 1773 K under constant load. The imprint is not entirely sym-
metrical about the centre-line indicating that misalignments can form. Fig-
ure 6.2 compares the hardness measurements obtained with the cross-bar
technique with hardness results from the literature [85, 87, 88]. Unfortu-
nately, it proved impossible to generate data at lower temperatures where
there is more data to compare to, because the size of the imprint became
too small for the fixed applied load. For this sample design, below 1373 K
the imprints are difficult to recognise, or is encouraging that where the data
overlaps, above 1373 K the difference with the literature results is not too
large, see Figure 6.2.
40µm
Figure 6.1: Example of an imprint formed during self-indentation of Al2O3
at 1673 K.
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Figure 6.2: Comparison of the hardness values obtained here using the cross-
bar technique with literature data for Al2O3 [85, 87].
6.3 Indentations in ZrB2
Figure 6.3 shows examples of the imprints formed during experiments on
ZrB2. Above 1373 K, the area of the mutual contact can be recognised easily
because the intimate contact between the two materials at high temperature
leads to diffusion bonding. The bond fractures during cooling or removal
of the samples, leaving a clearly distinguishable mark on the surface of the
samples. At 1873 K, Figure 6.3(a), a regular diamond shape imprint is
formed with limited additional features except for some evidence of limited
cracking as indicated with the arrow. At 2073 K, Figure 6.3(b), the shape of
the indent suggests that one sample had slightly tilted relative to the other
one. As a result, in the region indicated by the arrow, material has been
pushed outward creating clear ripples in the surface, which is clear evidence
of some ductility. At 2273 K, Figure 6.3(c), the material is now so soft that
the imprint becomes larger than the area taken up by a single grain and as
illustrated by the behaviour of the grain marked A in the micrograph, this
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Figure 6.3: SEM images of the imprints formed during experiments on ZrB2
at: (a)1873 K, (b)2073 K, and (c)2273 K.
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leads to detachment of grains by fracturing along the grain boundaries in
response to the levering action of the opposite wedge.
The results of the hardness measurements are compared with literature
information and nano-indentation results from previous chapter for lower
temperatures, in Figure 6.4. Obviously, the hardness is much lower at very
high temperatures than it is at room temperature. However, because the
measurements obtained at the lowest temperatures of the high temperature
experiments carried out here tend towards the values measured up to 1273 K
in the literature, it appears that there are three distinct regions for the
variation of the hardness of ZrB2 with temperature: a rapid decline in
hardness near room temperature, a region where there is limited variation in
hardness with temperature and a third region where the hardness decreases
again.
The scanning electron micrographs of the mutual indentation shapes il-
lustrates that hardness imprints caused by the mutual indentation of the
same material adopt a form largely consistent with what can be expected
for plastic deformation when two wedges are pressed against each other in
a crossed alignment. Although there is some evidence of fracture playing a
role, either when the measurement temperature is low (white arrow in Fig-
ure 6.3(a)) or when the indent size is similar to the grain size (see grain A
in Figure 6.3(c)), plastic deformation, i.e. material flow, plays a key role in
the formation of the imprints. Moreover, the bonding that occurs between
the two samples in close contact aids in recognizing the correct indentation
size as the morphology of the fracture surface is very different from that of
the surrounding material. The fact that the data for ZrB2 obtained here
aligns reasonably with the available literature information, further supports
the idea that hardness measurements with crossed wedges form an elegant
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Figure 6.4: Hardness results of monolithic ZrB2 measured by mutual in-
dentation, plotted together with nano-indentation results from
Chapter 5 and literature results [58–60].
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tool to widen the data basis at very high temperatures and for materials,
which are likely to react with a range of possible indenter materials.
6.4 Oxidation of ZrB2 during Indentations
Figure 6.5 shows the surfaces of ZrB2 samples after cross-bar indentations
carried out at different temperatures. It that can be seen that the surface
morphology varied with temperatures. The surface features were analysed
by EDX in the SEM. At 1173 K and 1273 K, submicron-size ZrO2 particles
were found covering the exposed surface whereas the contact area is safe
from oxidation and remained as ZrB2. Besides, a glassy boron oxide was
found around the imprint mark and on the sample surface. B2O3 showed as
a bright phase due to the charging effect. At 1373 K, the glassy B2O3 was
no longer present and the exposed surface was only covered with 0.5− 2 µm
ZrO2 particles. As the temperature increases, the composition remained the
same, except that the ZrO2 particles became coarser and started to sinter at
1673 K. When the temperature is above 1673 K, ZrO2 was partially reduced
to form submicron ZrC particles on the exposed surface. At 1873 K, only
ZrC was present on the surface. At higher temperatures (1973-2173 K),
the ZrC particles started to sinter and formed a continuous layer covering
sample surfaces. At 2273 K, less ZrC was found on the sample surface,
mainly appearing in the middle of the ZrB2 grains and grain boundaries.
The formation of oxide suggests there are possibly oxide impurities from
the ZrB2 samples and/or oxygen in the dilatometer during the experiments.
To investigate the content and stability of the system, thermodynamic cal-
culations of the possible reactions were performed. The furnace system
includes ZrB2 samples, a graphite tube & pushrod and flowing 99.99% pu-
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Figure 6.5: SEM images of ZrB2 samples after cross-bar indentation at dif-
ferent temperatures from 1173 K to 2273 K.
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rity He and possibly some oxygen. The list of reactions in the furnace as
shown in Table 6.1 was considered.
Table 6.1: The reactions happening in the dilatometer furnace during high
temperature mutual indentation experiments.
Reaction Details
2C +O2 ←→ 2CO Oxidation of the graphite from dilatometer
2ZrB2 + 5O2 ←→ 2ZrO2 + 2B2O3 Oxidation of ZrB2
ZrO2 + C ←→ ZrC +O2 Reduction of ZrO2 by carbon
4ZrB2 + 6CO ↔ 4ZrC + 2B4C + 3O2 Carbonasation of ZrB2
These reactions all include C, O2 and CO to some extent and therefore
the predominance of Zr-based species as a function of temperature can be
represented in a predominance diagram. The resulting predominance dia-
grams are shown in Figure 6.6. To predict which species will be present, the
partial pressures for oxygen and carbon monoxide need to be determined.
Since carbon is present in abundance, the relation between the partial
pressure of oxygen and CO will always follow the line for
2C +O2 ↔ 2CO
The equilibrium constant K for this reaction is
K =
P (CO)2
P (O2)
(6.1)
So
lnK = 2 lnP (CO)− lnP (O2) (6.2)
lnP (O2) = 2 lnP (CO)− lnK (6.3)
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Figure 6.6: Predominance diagrams of mutual indentation system in furnace
at different temperatures: (a) 1173 K, (b) 1373 K, (c) 1673 K,
(d) 1773 K, (e) 1973 K, (f) 2273 K.
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This is shown in the diagram with an solid blue line.
At low temperature (<1173 K), there is enough oxygen of the equilibrium
partial pressure to equilibrate at the intersection with the line for:
2ZrB2 + 5O2 ←→ 2ZrO2 + 2B2O3
And this is shown by the filled green and green circles in Figure 6.6(a,b).
However, as the temperature increases, this line moves to increasingly
larger partial pressures of oxygen, i.e. ZrB2 becomes more stable. Once
the partial pressure of oxygen needed for the oxidation becomes higher that
the total amount of oxygen can deliver, the ZrO2 meets with carbon and
releases the O2 back to the atmosphere. The equilibrium is now determined
by the intersection of the carbon line and a vertical line at (P (CO) =
2P (O2)initial) as more CO can never form. This drives the formation of ZrC.
The formation of ZrC was experientially observed above 1673 K. From the
predominance diagram, this suggests that the maximum partial pressure of
CO is 0.0196 atm (shown in Figure 6.6(c) or that the initial oxygen content
is about 0.0098. Consistent with the observation, for such condition B4C
would never form. Even at the highest temperature decomposition of ZrB2
in B4C and ZrC is not expected for the condition in the furnace.
Hence, the formation of ZrO2 and ZrC observed in the experiments are
in line with thermodynamical calculation assuming the partial pressure of
oxygen is 0.0098.
To obtain an idea of the oxygen to ZrB2 ratio, FACTSAGE
TM was used
to simulate the equilibrium. The system in the furnace was simulated with
500 mol ZrB2, 500 mol C and 1000 mol gas mixture of He/O2. Three
oxygen contents were considered, with different O2/ZrB2 ratios, 0.002, 0.02
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and 0.2 respectively. The equilibrium content of the system was calculated
at corresponding temperatures and plotted on the predominance diagrams
in Figure 6.6as solid red, blue and green dots, respectively.
As seen in Figure 6.6(a), at 1173 K or lower, for all three oxygen contents,
ZrO2 and B2O3 impurities are present in the system due to the oxygen
contamination. This agreed well with the experimental observations (see
Figure 6.5(a)). At 1373 K (see Figure 6.6(b)), only O2/ZrB2 ratio 0.002
shows no more B2O3 in the system while the other two conditions still have
B2O3 and ZrO2 present. The SEM micrograph showed no B2O3 in the
microstructure, which agreed with the lowest oxygen content scenario. This
suggests the oxygen contamination is limited. The other possible reaction
happening at this temperature is the evaporation of B2O3, which could flow
out with He gas:
B2O3(l)←→ BO(g) +BO2(g)
At 1673 K (see Figure 6.6(c)), the equilibrium contents start to change to
ZrC and ZrB2 for the two lower oxygen content scenarios. This is also agreed
by the SEM observation (Figure 6.5(d)) that the edges of ZrO2 particles
on sample surface are partially gone compared to close-packing particles
at 1573 K (see Figure 6.5(c)). As the temperature increases further (see
Figure 6.6(d-f)), the content in the system will not change. And B4C will
not be present due to the preference of carbon oxidation than the B4C
forming reaction. Hence the oxygen to ZrB2 molar ratio is between 0.002
and 0.02.
The thermodynamic simulation agreed with the experimental observa-
tions and suggested there were indeed oxygen contamination during the ex-
periment from either oxide impurities in the sample or the gas source. How-
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ever the contamination was limited and should not affect the measurement
as the reactions only happened on the exposed surface while the contact
area remained as ZrB2.
6.5 TEM Analysis of Indentations
Figure 6.7&6.8 shows sectional TEM samples extracted from under the in-
dents after the cross-bar tests at different temperatures. Due to the defor-
mation during the indentation and the thermal treatment, all of the sam-
ples have certain amount of residual stress which caused the sample to bend
during FIB preparation process. Therefore it is difficult to observe and es-
pecially to identify the dislocations in TEM, as the moving bend contours
interfered with the extinction of dislocation contrast at specific orientations
(see an example in Figure 6.9).
At 1373K (see Figure 6.7(a)), large numbers of dislocations were observed
throughout the sample, which indicated the plastic deformation at this tem-
perature by dislocation flow. Due to the heavy bend contours (see Fig-
ure 6.9), it was not possible to identify dislocations. Cracks were also seen
in this sample. This agreed with the observation in the SEM (see Fig-
ure 6.3(a)) and suggests the ductility of ZrB2 at this temperature is still
limited.
At 1773K (see Figure 6.7(b)), arrays of dislocations and dislocation walls
were found in the sample. Again the deformation of the material was there-
fore controlled by dislocation movement. At 1873 K (see Figure 6.8(c)), the
dislocation walls have disappeared while dislocation tangles can still be ob-
served in the sample. This suggests recovery has happened in the material
at this temperature. At 2273 K (see Figure 6.8(d)), there were only limited
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(a) 1373K
(b) 1773K
Figure 6.7: TEM micrograph of ZrB2 samples under the indentation area
after cross-bar indentation different temperatures: (a)1373 K,
(b)1773 K.
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(c) 1873K
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Figure 6.8: TEM micrograph of ZrB2 samples under the indentation area
after cross-bar indentation different temperatures: (c)1873 K,
(d)2273 K.
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Figure 6.9: TEM micrograph of ZrB2 after cross-bar indentation at 1373 K.
number of single dislocations in the sample while most of the sample was free
of dislocations. It is possible that at this temperature, dislocations became
so mobile they could escape from the sample. Moreover since 2273 K is the
sintering temperature of ZrB2, the deformation was perhaps controlled by
diffusional creep (Coble or Nabarro-Herring).
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6.6 Conclusion
Experiments using a cross-bar technique developed by Atkins and Tabor
were carried out to measure the hardness of aluminium oxide and zirconium
diboride at elevated temperatures.
For Al2O3, the hardness values obtained here are in line with literature
values suggesting the technique gives reasonable estimates for the hardness.
Hardness of ZrB2 was measured for temperatures up to 2273 K. Theree re-
gions can be defined in the variation of hardness with temperature: initially
the hardness decreases rapidly, then it remains more or less constant but fi-
nally above 1400 K, the hardness starts to decrease again. by 2273K, it is as
low as 0.61 GPa. The SEM micrographs of the samples showed clear signs of
superficial oxidation, further EDX confirmed oxidation behaviour at differ-
ent temperatures. Thermodynamics of possible reactions were calculated to
compare with the phases present, confirming possible oxygen contamination
during the experiments. TEM analysis was conducted on sectional samples
underneath the indentations. Partial fracture behaviour and large number
of dislocations were found at lower temperatures whereas reduced disloca-
tion density was observed with increasing temperature. It is suggested that
up to 2173 K, dislocations contribute exclusively to the deformation but
that from 2273 K onwards, diffusional creep becomes important too.
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7 A Deformation Map of ZrB2
7.1 Introduction
In the previous two chapters the hardness and shear stress results for ZrB2
at near room temperatures (298-573 K) and elevated temperatures (1173-
2273 K) have been obtained by nano-indentation and mutual indentation
respectively. Having all these data together with literature results, it should
be possible to combine them and plot a deformation mechanism map for
ZrB2 to predict its high temperature mechanical behaviour.
Therefore the aim of this chapter is to take advantage of the availability
of data to summarise the mechanical behaviour of ZrB2 in a deformation-
mechanism map. The latter are maps in which contours of strain rate, stress
or temperature are plotted in diagrams with the two other variables on the
axis [68]. They are constructed by combining data with a framework of
constitutive equations, based on theory, to create a better understanding of
the dominant mechanisms as a function of the conditions.
7.2 Deformation Map of ZrB2
In Section 3.4.2, hardness variation with temperatures near room temper-
atures (298-573 K) has been measured with nano-indentation at different
strain rates. The hardness of ZrB2 at elevated temperatures (see Section 6.3)
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and literature results were also converted to shear flow stress using expres-
sion from Vandeperre et al. [65](see Section 3.4.5 for details). Also shown
is the result of a compression test by Haggerty and Lee [70]. The data were
plotted together in Figure 7.1. It was found that the hardness was controlled
by the lattice resistance to dislocation motion in the low temperature range
and the key parameters have been estimated. The results have been added
to the overview of parameters in Table 7.1.
Figure 7.1: Deformation mechanism map for ZrB2. Data is from literature
hardness results versus temperature. [58–60,70]
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Table 7.1: Parameters for the different deformation mechanisms used to con-
struct the deformation map for ZrB2.
Parameter Symbol Value
Crystal data
Lattice parameter a 0.317 nm
c 0.353 nm
Burgers vector b 0.317 nm
Atomic volume Ω 0.0154 nm3
Shear modulus at 0 K [89] G0 257 GPa
Temperature dependence of the shear modulus [89] dG/dT -0.025 GPa K−1
Poisson ratio [89] n 0.149
Lattice resistance
Activation volume V 1.236× b3
Activation energy Q 2.58× 10−19 J
Proportionality constant ρm · b2 · ν 1.81× 108 s−1
Power law creep (High temperature)
Power law exponent n 7.38
Pre-exponential term A2 5× 1012
Diffusional flow (Nabarro-Herring creep)
Bulk diffusivity Dv 16 m
2s−1
Activation energy for bulk diffusion [90] Qbulk,d 678 kJ mol
−1
Grain size d 20 µm
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However this mechanism fails to capture the behaviour of flow stress for
intermediate temperatures above 700 K. This is entirely in line with what
is observed in other ceramic materials: while the lattice resistance to dislo-
cation motion is very high, the activation energy is relatively small so that
thermal energy alone suffices to overcome it. In contrast, the activation en-
ergy to overcome other obstacles to glide such as solutes, grain boundaries,
second phase particles, and other dislocations is larger [68] and therefore
overcoming these obstacles requires that a sufficient stress, almost indepen-
dent of temperature, is supplied. Therefore the almost constant flow stress
between 700 K and 1500 K is attributed to glide controlled by microstruc-
tural features. Since in the ZrB2 studied, the grain size is large compared
to the size of the indentations and there are hardly any second phase in-
clusions, it is proposed that the observed values of the shear flow stress are
due to the high dislocation density associated with indentation experiments.
The latter is normally estimated using an expression of the form [91]:
τ = G · b ·√ρ (7.1)
Using the room temperature value of the shear modulus, 250 GPa, the
shear flow stress due to other dislocations is 791 MPa, assuming a dislocation
density of 1014 m−2. As shown in Figure 7.1, the observed value of the shear
flow stress in the experiments is in any case of the same order of magnitude.
The variation with temperature of the stress calculated using Equation 7.1
in Figure 7.1 is entirely due to the variation of the shear modulus with
temperature as reported in [81]:
G = G0 +
dG
dT
·T (7.2)
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where the shear modulus at 0 K and the rate of change of the shear mod-
ulus can be found in Table 7.1. The fact that hardness measurements lead
to flow stresses of substantially strain hardened material is not surprising
either: Tabor showed that the yield strength derived from Vickers inden-
tations represent the yield strength for 8% to 10% additional strain [92]
and his result has been confirmed by calculations made using the finite el-
ement method [93]. Another factor that can lead to higher flow stresses
in the experiment than calculated here is that slip only occurs on distinct
slip systems and with the deformation contained in essentially single grains,
the Schmidt factor might not always favour deformation. Indeed, Xuan et
al. [58] found that the hardness was 2 GPa higher when single crystals were
indented in basal plane compared to indenting (1010) or (1120) planes.
The important consequence of the finding that the flow stress in this
temperature range depends on the presence of obstacles to glide is that the
plastic properties of ZrB2 based composites in this temperature range will
be influenced by microstructure, and can therefore be tailored by design.
However, at even higher temperatures, the measured flow stress decreases
again. Two high temperature processes might be responsible for this: either
deformation stops being carried by the movement of dislocations but is car-
ried by transport of matter by diffusion instead, or dislocations are capable
of escaping from the obstacles through diffusion activated processes such as
climb. The constitutive equations for the two processes are:
For power-law creep [68,94]
dγ
dt
=
A2 ·Deff ·G · b
kT
·
(
τ
G
)n
(7.3)
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For deformation by diffusion [68]
dγ
dt
=
42 · τ ·Ω
k ·T · d2 ·Deff (7.4)
Since the data to be analysed is at high temperature (>60% of the melting
temperature), bulk diffusion is normally dominant in determining climb
rather than diffusion along dislocation cores so that [68]:
Deff = Dv · exp
(
−Qd.bulk
kT
)
(7.5)
All parameters in these equations are identified in Table 7.1. The same
effective diffusion coefficient was assumed to govern creep by diffusion as the
material under investigation has large grains making Nabarro-Herring creep
by bulk diffusion more likely than Coble creep controlled by grain boundary
diffusion. Distinguishing which of these mechanisms is active is probably
easiest by determining the activation energy and comparing it with the
activation energy of diffusion. Kislyi and Kuzenkova [90], through analysis
of sintering experiments, estimate the latter to be 678 kJ mol−1. However,
this requires that the data for the different temperatures is for similar strain
rates. To test this, the displacement data collected by the dilatometer was
used to derive an instantaneous distance of mutual penetration, h, and the
strain rate calculated using:
dε
dt
=
1
h
dh
dt
(7.6)
in line with the normal practice of calculating strain rate in indentation
[95, 96]. The calculated strain rates for experiments in excess of 1773 K
were all in the range from 10−3 s−1 to 10−4 s−1, see Figure 7.2. Substituting
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Figure 7.2: The strain rates of mutual indentation experiments at differ-
ent temperatures, calculated with displacement and thermal
expansion.
Equation 7.5 into Equation 7.4 and re-arrangeing yields:
ln
(
τ
T
)
= ln
(
k · d2
42 ·Ω ·Dv
dγ
dt
)
+
Qd.bulk
k
· 1
T
(7.7)
which shows that if diffusion controls the deformation, the activation energy
derived a plot of ln(τ/T ) versus 1/T should yield the activation energy for
diffusion. However, the activation energy derived from such plot is only
111 kJ mol−1 suggesting diffusion is not the main deformation mechanisms.
This is in agreement with the experimental observation that the dislocation
density underneath the indents remained substantial for all but the highest
temperatures.
In contrast, fitting the data to Equation 7.3 with the boundary condition
that the activation energy is 678 kJ mol−1 yielded a power law exponent of
7.4, which is slightly on the high side but is well within the range from 3
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to 10 that have been observed [68]. The resulting constant strain rate lines
have been added to Figure 7.1 in the region labelled as “Power-law Creep”.
However, sintering of ZrB2 without the aid of pressure is possible at
2273 K [37]. This suggests that deformation carried by diffusion should
be possible at such temperatures. Moreover, as shown in Figure 6.8(c), af-
ter indentation at 2273 K very few dislocations were found in the sample.
Hence, the value of Dv was adapted so that the diffusional deformation lines
intersect the power law creep lines near the data point for mutual indenta-
tion at 2273 K. To validate this choice, the same parameters were used to
produce constant-temperature lines on a map of shear strain rate against
shear stress, see Figure 7.3, to allow direct comparison with creep data for
ZrB2 reported by Rhodes et al. [47]. It is clear that the lines calculated
using the parameters in Table 7.1, capture the creep data quite well. The
stress exponent found experimentally in the creep tests was n = 2.5, which is
higher than the value of n = 1 expected for deformation carried by diffusion
alone. However, a rise in exponent is consistent with data being collected
close to a transition in deformation mechanism [97], which is exactly what
the deformation mechanism map proposed here predicts.
Interestingly when the trend observed in bending tests aimed at establish-
ing the modulus of rupture is superimposed onto the map in Figure 7.1 by
taking the maximum shear stress as half of the measured tensile strength,
then the decay in strength observed at high temperature is found to coincide
with the regions of high temperature deformation due to dislocations and
diffusion. This is consistent with reports of the apparent stiffness decreas-
ing [51] and of permanent deformation replacing fracture [98] in such tests,
when carried out relatively slowly. This suggests that optimising the me-
chanical response of these materials at very high temperatures must mean
112
Figure 7.3: Deformation mechanism map for ZrB2. Data is from literature
hardness results versus temperature. [58–60,70]
optimisation of their creep resistance, a topic which has received much less
attention than fracture toughness and strength.
Finally, the map is incomplete: neither low temperature creep, nor diffu-
sional creep caused by grain boundary diffusion (Coble creep) are currently
on the map. This is because there is insufficient data to map out these mech-
anisms with sufficient certainty. This is an area where hopefully further work
will be able to improve our overall understanding of the deformation of this
class of materials.
7.3 Conclusions
Based on the results from previous two chapters and the data available in
the literature, a deformation mechanism map of ZrB2 has been proposed. It
explains why the hardness of ZrB2 decreases strongly from 22 GPa at room
temperature to approximately 10 GPa at 800 K, followed by an almost
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constant hardness to 1300 K, and a further decrease thereafter.
By fitting the experimental data to established theoretical relations be-
tween strain rate, shear stress and temperature, parameters for the different
mechanisms have been derived and these can therefore be used to estimate
the mechanical response from the service conditions. By delineating the
dominant mechanism, these maps will aid the microstructual design to be
optimised for a given application as the microstructual requirements for
minimizing creep can be very different to those for minimizing fracture.
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8 Conclusions and Further Work
8.1 Conclusions
ZrB2 and ZrB2-20 vol%SiC materials were successfully sintered to near full
density by pressureless sintering at 2000 ◦C for 2 hrs. Various amount of B4C
and carbon were used as sintering additives to remove the surface oxygen.
It was found that in order to achieve near-full densification, oxidation of
the powders during processing must be limited as much as possible. Where
pyrolysis is carried out ex-situ, i.e. in a different furnace, the charring
temperature should be limited to below 400 ◦C to avoid oxidation of the
boron carbide. Moreover, carbon alone can aid sintering of ZrB2 to near full
density. This is useful to minimise the amount of B4C in the final material,
as B4C compromises the high temperature mechanical properties. However
B4C is still observed in the final microstructure presumably because the raw
ZrB2 is boron-rich. It was also confirmed that the addition of B4C or SiC
can restrict the grain growth. The grain size of ZrB2 with 1wt% carbon was
about 15-30 µm, whereas the ZrB2 with both B4C and carbon as additives
only have 10-20 µm grains, and the composite with 20 vol%SiC has only
average grain size of 5 µm.
Nano-indentation was carried out on monolithic ZrB2 and ZrB2-20 vol% SiC
composite to study strain rate and temperature sensitivity of its hardness
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at temperatures between 298 K and 573 K. The strain rates are in the
range of 10−4 s and 10−1 s. The Peierls stress and activation energy for
lattice controlled dislocation flow were calculated to be 6.6 ± 0.7 GPa and
2.56 ± 1.6 × 10−19 J, respectively. Another side finding during the mea-
surements is that due to the small size of the indents, hardness of different
phases in the composite can be measured. The hardness of B4C, SiC and
ZrB2 is estimated as 33± GPa, 27±2 GPa and 21±2 GPa respectively.
TEM observations show that dislocation flow is activated on both the
basal and the prismatic planes. The cross-sectional TEM also indicates that
when studying composites, the presence of phases underneath the indenta-
tion can influence the flow and therefore the hardness even when indents
are smaller than 10% of the grain, in which they are placed. It is therefore
expected that better information for the dislocation flow in ZrB2 is obtained
from large grained, single phase materials.
Using the cross-bar mutual indentation technique, the hardness of ZrB2
was measured for temperatures between 900 K to 2273 K. Three regions
can be defined in the variation of hardness with temperature: initially the
hardness decreases rapidly, then it remains more or less constant but finally
above 1400 K, the hardness starts to decrease again. By 2273K, it is as low
as 0.61 GPa. The SEM micrographs of the samples showed clear signs of
superficial oxidation, further EDX confirmed oxidation behaviour at differ-
ent temperatures. Thermodynamics of possible reactions were calculated
to compare with the phases present, confirming possible oxygen contami-
nation during the experiments. TEM of sections through the indentations
at lower temperatures showed partial fracture and a large number of dislo-
cations, whereas reduced dislocation density was observed with increasing
temperature.
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Finally a deformation mechanism map of ZrB2 was proposed by combining
the data from this work with literature results. In the near room temperatue
range (298-573 K), the deformation mechanism is characterised as lattice
resistance to dislocation motion. At intermediate temperatures from about
800 K, the flow stress remained almost constant due to the glide deformation
mode controlled by microstructural obstacles. At even higher temperatures,
the deformation mechanism changed to power-law creep and eventually to
diffusional flow.
8.2 Further Work
As shown in the thesis, by analysing the results from nano-indentation ex-
periments at different strain rate and different temperatures, the Peierls
stress of ZrB2 can be estimated. Taking this further, it is possible to apply
the same method to other materials to characterise their Peierls stresses,
which could then be compared with literature values.
Comparing to nano-indentation technique, which is a simple experiment
with complicated analysis. Another way to obtain the similar results is by
micro-pillar compression experiments which is a more difficult experiment
but the analysis is more straightforward. It would be therefore interesting
to confirm the yield strength estimates by carrying out micro-compression
measurement on ZrB2. Another advantage of micro-compression is that
this method can aim to activate slip on different slip planes, which could
strengthen the case for slip on both basal and prism planes.
The mutual indentation were applied as a simple alternative way to per-
form high temperature hardness measurements. This method can be also
applied to other materials. With these two methods, the deformation mech-
117
anism of similar materials can be investigated.
Due to insufficient data, the deformation map of ZrB2 is still incomplete,
lacking the low temperature creep and diffusional creep caused by grain
boundary diffusion (Coble creep).
It is necessary to carry out creep measurements at different temperatures
to complete the map with sufficient certainty. The effect of grain size on
mechanical behaviour at elevated temperature should be studied as well.
Another advantage from creep test is that it is able to apply low stresses
without yielding the material. It could be useful for these materials as they
are used as sharp-edge component at very high application temperatures.
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